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MAGNETIC EXCITCATIONS IN H02C017 AND H02Fe-j7 
AN INELASTIC NEUTRON SCATTERING STUDY 
K.N. Clausen 
Abstract. The low energy part (<20 meV) of the magnetic exci-
tation spectrum of the uniaxial easy basal plane ferrimagnets 
H02C017 and Ho2Fei7 have been measured along the three high sym-
metry directions at a temperature of 4.2 K, using the inelastic 
neutron scattering technique. The resulting magnon dispersion 
relations have been interpreted using linear spin wave theory 
with a Hamiltonian including single ion crystal field anisotropy 
and isotropic exchange between spatially well localized spins, 
i.e. we have used a localized pseudo spin description of the mag-
netism of the itinerant 3d-ior.s. The R2T17 structure contains 
two different Ho sites, with the same point symmetry, and from 
the spin wave results it was concluded that the crystal field 
anisotropy of the two Ho sites in both H02C017 and Ho2Fe-|7 were 
identical. The deduced crystal field parameters for Ho2Fei7 were 
slightly larger than for H02C017, and the parameters were of the 
same order of magnitude as for pure Ho. For H,,2?ei7 the Fe-Fe 
exchange was found to be anisotropic, and for both compounds the 
magnetic ordering temperatures Tc of 1178 K for H02C017 and 
335 K for Ho2Fei7 were determined by the strong positive 3d-3d 
exchange. The rare earth - 3d exchange constant, which is respon-
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sible for the ferrimaqnetic coupling scheme was observed to be 
small and neqative, and within experimental uncertainty identical 
for the two compounds. The rare earth - rare earth exchange in 
both cases found to be negligible, and consequently, a non dis-
persive crystal field like excitation was observed. Using the 
parameters deduced from the linear spin-wave fit to the observed 
magnon dispersive relations, the temperature dependence of the 
non dispersive modes and the magnetization curve (the latter 
only for H02C017 because data was not available for Ho2Fe-|7) 
could be predicted and was found to agree with experiments. The 
low temperature (4.2 K) macroscopic anisotropy constants pre-
dicted from the deduced crystal field parameters were an order 
of magnitude larger than the experimentally observed values. 
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INTRODUCTION 
Using the inelastic neutron scattering technique, the low energy 
part (< 20 meV) of the magnon dispersion relations in the uni-
axial easy basal plane ferrimagnets Ho_Co,7 and Ho~Fe.._, have 
been investigated at a temperature of 4.2 K. Only three branches 
of very simple shape were observed: a highly dispersive mode of 
parabolic shape, a non-dispersive mode, and a dispersive mode 
degenerate with the q-independent mode at the zone-boundary. 
From the observed three branches, only six microscopic parameters 
describing the magnetic interactions can be deduced. We have de-
scribed both the rare earth and the transition metal spins in a 
localised picture and using a linear spin-wave model with a 
Hamiltonian including isotropic exchange and single ion crystal 
field anisotropy we have deduced the following six parameters 
from a general least squares fit to the observed data: JTT, JRT/ 
JT_ (the nearest neighbour transition metal-transition metal, 
rare earth-transition metal and rare ;arth-rare earth exchange 
constants), B°(R), B6(R) <the crystal field parameters for the 
rare earth sites), and B_(T) (a parameter describing the aniso-
tropy of the transition metal sublattice). 
The 3d-3d exchange constant J_ was found to be dominant in the 
two-ion interactions, and within the experimental uncertainty 
the observed ordering temperatures T of 1178 K (Ho^ Co,.,) and 
335 K (Ho_Fe,7) could be predicted from JTT using the mean field 
approximation. For Ho2Fe,., the 3d-3d exchange was found to be 
anisotropic, and different values of JT_ had to be used for the 
three different high-symmetry directions, in order to explain 
the observed data. 
Within the experimental uncertainty the deduced rare earth tran-
sition metal exchange constants J were identical for the two 
compounds. J is the only parameter coupling the two sublattices 
together, and the magnetization curve is therefore sensitive to 
the actual magnitude of JRT- For Ho-t'o,., (data not available for 
Ho-Fe.-) the observed magnetization curve could be reproduced 
from the deduced parameters within the experimental accuracy. 
The rare earth-rare earth exchange constant was found to be neg-
ligible in Loth Ko-Co,., and Ho-Fe,.,. 
From the actual number of observed modes (three instead of five) 
it was concluded that the crystal field parameters for the two 
Ho sites were identical. This indicated that the anisotropy of 
the Ho sites are dominated by the influence of the group of 
nearest neighbour transition metal atoms, which is identical for 
the two sites, rather than by the more distant Ho surroundings, 
which differs for the two sites. The anisotropy constants B2(R), 
B, (R) are slightly larger for Ho_Fe.7 than for Ho-Co.-, but in 
both cases values typical for rare earth metals were found. From 
B°(R), B-(R), and the rare earth transition metal exchange con-/ b 
stant J__, the observed temperature-dependent scattering from 
the non-dispersive excitations could be predicted. 
The description of the transition metal anisotropy by a local-
ised model is very rough, but qualitatively the results show 
that the anisotropy of the transition nietal sublattice favoured 
an easy basal plane, and that the contribution from the 3d-metal 
could not be neglected, especially for Ho2Co„. For Ho2Fe.7 the 
appearance of the two-ion anisotropy complicates the picture and 
makes conclusive statements of the single ion Fe anisotropy im-
possible. 
The macroscopic anisotropy parameters predicted from the micro-
scopic crystal field parameters were overestimated by an order 
of magnitude. 
In the First Chapter of this thesis the microscopic model and 
the general magnetic properties of the rare 2arth transition 
metal compounds are reviewed. In Chapter Two a general linear 
spin-wave model for a uniaxial ferrimagnet is derived, and in 
Chapter Three the experimental set-up is presented and the ob-
served magnon dispersion relation interpreted in terms of the 
linear spin-wave model. In Chapter Four the observed temperature 
dependence of the localised modes, the macroscopic anisotropy 
constants, and the magnetisation curve (the latter only for 
Ho2Co._) are compared with the corresponding properties pre-
- 7 -
dieted on the basis of the parameters deduced from the linear 
spin wave fit. In Chapter Five the adequacy of the model and 
the final conclusions are discussed. In Appendices A to C the 
detailed deduction of the spin wave model is presented. 
1. RARE EARTH - 3d COMPOUNDS - MICROSCOPIC MODEL 
In this chapter we first define the group of compounds which are 
denoted the rare earth - transition metals or the rare earth -
3d intermetallics, and secondly, we discuss the microscopic Ham-
iltonian which will be used to interpret our experimental data. 
In the last part of the chapter a discussion of the magnetic in-
teractions and a review of the observed ordering temperature, 
ordered magnetic moments, and structures of the rare earth Fe 
and Co compounds are given. 
1.1. The rare earth - 3d compounds 
The rare earth - 3d intermetallics are a group of compounds with 
well defined stoichiometries and crystal structures. The general 
formula is R T where R denotes Y or any of the lanthanides, 
n m 
while T represents a 3d element, Mn, Fe, Co or Ni. From four to 
eight different compositions (n, m) have been observed in the 
range from the pure rare earth metals to the pure transition 
metals. 
For all these R_T compounds, ternary, and quarternary compounds 
- with the same crystal structures - c^n be found by partial 
substitution of the rare earth or the transition metal or both, 
with other rare earth and 3d iorif;, and consequently the rare 
earth - 3d intermetallics cover a very large family of compounds. 
In this study we will limit ourselves to those R Fe and R Co„ 
n m n m 
compounds which exhibit the highest ordering temperatures. 
- 8 
1.2. The microscopic Hamiltonian 
We have examined the ground-state spin-wave dispersion relations 
and the temperature dependence of the localised, crystal field 
excitations in Ho-Co,7 and Ho.Fe..... The experimental results 
will be interpreted using linear spin-wave theory and mean field 
theory, both based on an empirical Hamiltonian H, including iso-
tropic exchange H_x and single ion crystal field anisotropy H_p-
H = HEX + HCF 
13 J J 1 *.,m 
The exchange constants J.. and the coefficients B <i) of the sym-
metry-determined Stevens operator expansion (Hutchings, 1964) of 
H is to be determined from the experiments. In this model the 
magnetic interactions are assumed to operate between spatially 
well-localised spins J.. 
For the rare earth ions, J is the total angular momentum of the 
tripositive ion, determined by Hunds rules, and B (i) is the crys-
tal field parameter of ion number i. The Hamiltonian (1) is 
known to be a very good first approximation for pure rare earth 
systems, and for compounds containing both non-magnetic ions and 
rare earth ions. The correction terms to the Hamiltonian H - the 
two ion anisotropy and the magnetostriction - are assuiued to be 
small, and to have only negligible influence on the excitation 
spectra for Ho.Fe,., and Ho2Co,7. 
The magnetism of the itinerant transition metal ions cannot gen-
erally be explained by a localised model, but when only ground-
state magnetic excitations are considered, the localised model 
has been successfully applied by Rhyne and Koon (1S78) to the 
cubic HoFe2 compound. Furthermore a band theoretical discussion of 
spin waves in itinerant ferro and antiferromagnets by Liu (1976) 
showed that in the ground state there is a spin density cloud 
around each ion site. When a spin-wave is excited this spin 
cloud precesses as a rigid unit/ which was denoted a quasi-spin. 
.* _ 
Consequently, we feel quite confident in using a localised model 
for the interpretation of ground state spin-waves in Ho-Co,n and 
Ho 2Fe 1 7. 
For the transition metal ions we have defined the quasi-spir. J 
through the relation 
u = -g u B J (2) 
where p is the observed magnetic moment, pQ is the Bohr magneton 
and the g factor was defined as 2.00. In the pseudo spin picture 
defined via (2), B (i) for the i'th transition metal ion can 
be considered only as an expansion parameter, i.e. it should not 
be quoted as a crystal field parameter. 
1.3. The magnetic moments of the 3d-ions 
The observed magnetic moments of the transition metal ions in 
the Y T, and Gd T, compounds are shown in Fir. 1. For all Co 
compounds with x < 0.20 the magnetic moment p is very close to 
1.7 p per atom, which is the ordered moment for pure Cc (Bet-
teridge, 1979). For x > 0.20, p_ depends heavily on both the 
stoichiometry and the rare earth ion in the compound. When 
x is larger than 0.3 the ordered moment of Co is zero unless the 
rare earth partner is magnetic, i.e. in this case the presence 
of a magnetic moment on the rare earth ion can induce a spin po-
larization of the transition metal 3d band. In the Fe compounds 
the dependence oC p p on both stoichiometry and the rare eaith 
ion in the compounds is much less pronounced, and as the rare 
earth content x is increased,a slow decrease in p„ from 2.2 p_. 
re D 
per atom is observed. The ordered moment for pure Fe is 2.2 p 'B 
per atom (Betteridge, 1979). 
The magnetic moments of the rare earth-3d intermetallics should 
be discussed in terms of band theory. However, because of the com-
plicated crystal structures, and the approximations which have 
to be introduced, in order to include the interactions with the 
localised 4f electrons (for which the band description is in-
ao 
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Fxg. 1. Order«! magnetic moments on the 3d metal in R T com-
pounds as a function of j • n/(n+m). The actual n:m values of 
the compound« »re shown underneath "he f i gure . R i s e i ther non-
magnetic Y or m*f;.mtir Gd. The dat# was obtained from magnet-
i sa t ion measurements {Ki ir^év«r #«>d P»1«JY» 1*78). The s o l i d 
l i n e s are guides for the eye . 
appl icab le ) , only very few sp in -po lar i zed energy band s t ruc ture 
c a l c u l a t i o n s have been publ i shed . For YCo-, SntCo , and GdCo_ 
Malik (1977) found 3d bands almost i d e n t i c a l to those in 
pure Co, ind in an experimental study of the ternary compounds 
Y 2 (Fe ,Co) 1 ? and Y2 (Co ,Ni ) 1 ? , Taylor and Poldy (1975) found an 
average 3d magnetic moment (Fig. 2) in good agreement with the 
S la ter -Paul ing curve ( s o l i d l i n e in Fig . 2) (Bozorth, 1951) , 
which has been derived for the pure 3d metals using a r i g i d band 
model. On the b a s i s of these r e s u l t s , i t i s genera l ly b e l i e v e d 
that for the t r a n s i t i o n metal r i ch re and Co compounds ( a l l Fe 
compounds and Co compounds for x < 0 . 2 ) , the 3d bands are a l -
most i d e n t i c a l to the pure Fe and Co 3d bands. 
- li -
fig. 2. The average Jagnetic Id-
iawnt in T. (Pc.Col.^ and 
Y2'Co.NiJ,7 ternaries as • func-
tion of electron concentration. 
The »olid line is the Slater-
Pauline, curve, (Sosorth. 1951) 
and the data points are from 
Taylor and Poldy (1«7S). 
1.4. Exchange interactions in the R T compounds 
The origin of the exchange interaction is electrostatic, and it 
is introduced when the Coulomb repulsion between the two elec-
trons in the hydrogen molecule is considered. The requirement 
that the wave functions should be antisymmetric leads to a split-
ting of the ground state into a triplet and a singlet state. 
This splitting can be calculated using the Heisenberg Hamiltonian 
H - > J12 S, • S2 
where 
J12 - <VET> 
E& and ET are the energies of the singlet and the triplet s»ate, 
and S^ and S, are the spins of the two electrons. For a general 
magnetic system the Heisenberg Hamiltonian represents the lowest-
order expansion of the t*o-ion interactions in terms of the total 
ionic angular momentum. In this case the exchange constant is 
merely an expansion coefficient, the sign and magnitude of which 
should be determined from experiments. 
YjFe,, Y,CoT? Y,N^ 
Mr Fe Co 
25 26 27 
ELECTROHS PER 
28 
ATOM 
Cu 
29 
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Since the spatial extension of the transition metal 3d wave 
functions are much larger than the extension of the well local-
ised rare earth 4f wave function:-, three different exchange mech-
anisms have to be considered in the rare earth transition metal 
compounds. The transition metal - transition metal exchange is a 
direct interaction caused by the overlap of nearest neighbour 3d 
wave functions, whereas the rare earth - transition metal and 
the rare earth - rare earth exchange both are indirectly mediated 
via other electrons in the system. A more detailed discussion of 
the three exchange mechanisms is given in Sections 1.4.1. to 
1.4.3. 
The appearance of magnetic long range order in the R T compounds 
is an effect of the two ion interactions, and the ordering tem-
perature is a measure of the magnitude of the exchange interac-
tions. Figure 3 shows the ordering temperatures T for all Fe 
r — i 1 1 1 r — r 
f- Co COMPOUNDS 
La I Pr ' Sm ! Gd J Dy ' Er > Yb ' Y 
Ce Nd Eu Tb y Ho Tm Lu 
Fig. 3. Magnetic ordering tempera-
tures T for R„Pe„ and R„Co„, 
c n m n m 
compounds as a function of the 
rare earth ion. The data are from 
review articles by Wallace (1973) 
and Kirchmayer and oldy (1978). 
The solid lines are guides Cor the 
eye. 
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and Co compounds. In Fiy. 4, T is shown as a function of stoich-
iometry for Y T, and Gd T, . In the discussion of the ordering 1
 x 1-x x 1-x 
temperatures we will neglect the Ce compounds, because the val-
ency of the Ce ions might differ from 3. The ordering tempera-
tures of the Co compounds R Co. with x ~ 0.25 is determined 
mainly by the stoichiometry, and is almost independent of the 
rare earth ions, i.e. the 3d-3d exchange interactions are domi-
nant. For x > 0.25 the rare earth plays an important role, and 
for all the Fe compounds the dominant exchange interaction is 
operating between the Fe ions. 
1500 
0.0 
STOICHIOMETRY (X) 
0.5 
o Gdx Co,., 
a Y. Co, 
1.0 
Fig. 4. The ordering temperatures of R Co, and R Fe, , as a 
function of stoichiometry. The data are from Wallace (1973) and 
Kirchmayer and Poldy (1978) . The solid line is a guide for the 
eye. In the rare earth rich RJCCo1_x (x > 0.20) compounds the 
presence of a magnetic moment on the rare earth ion can induce 
a magnetic moment on the transition metal. 
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1.4.1. The transition metal - transition metal exchange 
For the transition metal-rich R T compounds the 3d-3d exchange 
n m 
is dominant and, as for pure Fe and Co, J is positive, lead-
ing to a ferromagnetic coupling of the transition metal sub-
lattice. The exchange constant j__ can be estimated from the 
ordering temperatures T_ and the pseudo-spin JT using the nearest 
neighbour mean field approximation 
MF 3 k T_ 
J
T T N.JT(JT+1) U ' 
where kn is Boltzmann's constant and N is the number of inter-
acting 3d ions (the number of nearest transition metal neighbours). 
For the pure transition metals Bethe (1933) and Slater (1930) 
have used the Heitler-London description of the 3d wave functions 
to give a qualitative description of the 3d-3d exchange inter-
action as a function of the normalised interatomic distance R/R 
o 
whore R is the radius of the 3d shell. Several other authors 
o 
have presented an empirical constructed quantitative Bethe-Slater 
curve (solid line in Fig. 5) derived from experimental data on 
the effects of compression, structural changes, and alloying of 
the 3d metals (see e.g. Aniir.alu, 1977). In Fig. 5 we have also 
plotted the calculated (using Eg.(3) and Table 1) mean field ex-
iMF 
change constant J for the transition metal rich Y Co, and 
Y Fe, as a function of the minimum transition metal separation 
R?d-3d n o r m a l i z e d with the radius R of the 3d shell for pure Co 
and Fe respectively, i.e. we have here used the assumption that 
the 3d bands of Fe and Co were only slightly changed on alloying 
with Y. The only purpose of Fig. 5 and the arguments above is to 
give a very sketchy justification for using the Bethe-Slater 
curve to qualitatively explain the dependence of the ordering 
temperature on the stoichiometry (Fig. 4). 
For Co, RCo_, and R2Col7 Jro-Co i s c o n s t a n t an<* the decrease in 
T- on increasing rare earth content is a consequence of the de-
crease in the number of nearest Co neighbours. For the Fe com-
pounds two competing effects occur: The dilution with rare earth 
tends to decrease T , but the decrease in the minimum Fe-Fe sep-
- 15 -
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o h 
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Y2Co,7o 
Y F e 2 o / ^ 
Æ>aFe 
/ °YF»3 
oYCos 
Co"~"""^v . 
-
-
<^* 
5 -
'•yFe 
H3<t-3aIH0 
Fig. 5. The average nearest neighbour mean field exchange con-
stant as a function of the normalised minimum 3d-3d distance. 
The solid line is the Bethe-Slater curve taken from Animalu 
(1977). The aata on Y T compounds in which only T-T exchange is 
present, are taken from Table 1. 
aration on increasing Fe content causes a large decrease in 
1
 „ . As the latter effect is the strongest, T_ is increased 
-?e-Fe C 
on decreasing the Fe content (see Fig. 4). 
1.4.2. The rare earth - transition metal exchange 
Two different mechanisms have been proposed for the rare earth 
-3d exchange. Buschow (1971) has suggested a long-range indirect 
RKKY-type mechanism mediated via the conduction electrons, i.e. 
involving s-f and s-d interactions. From band calculations on 
GdCOf. and SmCOr, Malik (1977) on the other hand found a short-
range interaction between the 3d electrons and the nearest 
neighbour 4f electrons via the 4d or 5d electrons of the rare 
earth ion (d-d coupling). 
In both cases the exchange results in a negative spin-spin coup-
ling, which can explain the observed uniaxial alignment of the 
- 16 -
Table 1. For th« transition metal rich Y._T, compounds we have 
tabulated the minimum transition metal separation d , , the 
ordering temperature T .and the pseudo-spin J_ « u_/2»u_. Several 
of these compounds contain more than one transition metal site, 
MF 
and N is the average number of nearest neighbours. J__ is the 
mean field nearest neighbour exchange constant calculated from 
T Eq.(3) and d . /B is the normalised transition metal separation. 
min o „ pe 
The normalisation constant R is the radius of the 3d shell (R_ * 
Co 
0.79A. and R » 0.65A). a-Fe is the naturally occurring ferromag-
netic bcc-Fe. y-Fe is the antiferromagnetic fcc-Fe observed only 
under high pressure. The data are taken from Wallace (1973) , 
Animalu (1977), and (Jubbens (1977). 
Compound 
Co 
Y2Cu17 
YCo5 
yFe 
Vl7 
V«23 
aFe 
yFe, 
YFe2 
d 
min 
(A) 
2.51 
2.32 
2.45 
2.37 
2.44 
2.48 
2.50 
2.60 
Tc 
(K) 
1394 
1180 
1000 
V70 
335 
460 
1043 
520 
520 
JT 
0.86 
0.B0 
0.80 
1-0.50 
1.05 
0.95 
1.11 
0.85 
0.73 
N 
12 
10.4 
8.4 
12 
10.4 
8.7 
8.0 
6.7 
6 
MF 
J 
TT 
(meV) 
18.9 
20.5 
21.4 
-2.0 
3.8 
7.4 
13.7 
12.8 
17.9 
T d . /R 
min o 
3.88 
3.59 
3.79 
2.57 
3.00 
3.09 
3.14 
3.17 
3.29 
magnetic moments in the transition metal rich R T compounds. 
n m 
The transition metal sublattice is ferromagnetically aligned be-
cause of the 3d-3d exchange and the spins of the rare earth ions 
are coupled ctntiparallel to the 3d spins, leading to ferromag-
netic structures for compounds with the light lanthanides and 
ferrimagnetic structures for compounds with the heavy rare earth 
elements. 
1.4.3. The rare earth - rare earth exchange 
The rare earth - rare earth exchange is identical to the long 
range oscillatory RKKY interaction (Ruderman and Kittel, 1954) 
observed in the pure rare earth systems. In the indirect RKKY ex-
change interactions the presence of a spin on the rare earth 
ions creates a net oscillatory spin density in the itinerant con-
duction electron gas. This causes an indirect exchange between 
the rare earth ions, and when the transition metal sublattice is 
non magnetic (e.g. R.Co^, see Kirchmayr and Poldy, 1978), both 
the exchange and the crystal field interactions are as in the 
pure rare earth metals (i.e. both the ordering temperatures and 
the observed non-collinear antiferromagnetic structures are typi-
cal for rare earth compounds with a non magnetic element). If, on 
the other hand, the transition metal sublattico is magnetic, then 
the itinerant electron bands are spin polarised and the 4f-4f ex-
change negligible. This agrees with the experimental fact that 
in all transition metal rich R T compounds, it is a very good 
n m 
approximation to neglect the rare earth - rare earth exchange. 
1.5. The crystal field anisotropy 
The charges of the surrounding ions in a crystal produce an 
electric field, the so-called crystalline electric field,at any 
ion. The presence of this field causes a preferential orientation 
of ths magnetic moments along certain crystallographic directions, 
because the direction of the magnetic moment is coupled to the 
non-spherically symmetric wave functions of the magnetic ions 
via spin-orbit coupling. In other words,the crystal field inter-
action is a result of the Coulomb repulsion between the surround-
ing ions and the charge distribution of the magnetic ion. The 
effect of this interaction is to produce a single-ion magnetic 
anisotropy. In the transition metal rich R T compounds the uni-
axial alignment of the magnetic moments were determined by the 
exchange interactions, but the actual crystallographic direction 
of the easy axis is determined by the crystal field anisotropy. 
1.5.1. The crystal field anisotropy for the rare earth sites 
The crystal field Hamiltonian for the rare earth sites can be ex-
panded in Stevens operators where the number of non zero 
m 
crystal field parameters B„ in the expansion is determined by the 
point symmetry of the actual site (Hutchings, 1964). In the hex-
agonal R T compounds, the point symmetry of the rare earth ion 
is hexagonal, and the c-axis representation of the crystal field 
Hamiltonian contains four expansion coefficients (Wallace et al., 
1977) 
Hcp (R) - B° 0° + Bj Oj • B° 0° + B* O« (4) 
The B_ term is usually dominant, and this term has been esti-
mated using a point charge model considering only the effect of 
rare earth nearest neighbours. (Creedan and Rao, 1973). Point 
charge calculations are, however, extremely uncertain for met-
allic systems, and the results should be regarded only as an in-
dication of the sign of B°. 
For very low temperatures, the anisotropy of the rare earth 
transition metal compounds are generally dominated by the rare 
earth contribution to the crystal field anisotropy, but for room 
temperature and above the 3d sublattice contribution often dom-
inates the anisotropy. 
1.5.2. The crystal field anisotropy for the 3d sites 
In the hexagonal R T compounds, the point symmetry of the tran-
sition metal sites is almost hexagonal, and since the spin of the 
3d ions is small it is a good approximation to neglect the higher 
order terms (see fcq. 4), i.e. 
Hcp (T) = B° 0° , 
Whereas the rare earth contribution to the magnetic anisotropy 
is of the same order of magnitude as in pure rare earth metals, the 
Co contribution to the anistropy can be much larger (e.g. RCo '/ 
than in pure Co. Szpunar and Lindgård (1979) found the origin of 
this large contribution to be a result of the large change in 
the c/a ratio (compared to the close packed value /8/3) for the 
hexagonal (hcp) symmetry of the Co ions, which occurs when rare 
earth ions are present. 
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In the pseudo spin picture we will use a B° O^like expansion of 
crystal field interactions in terms of the pseudo spin J_. 
HCF (T) = B2(T) [3 (J*)2 - JT (JT + 1)] (5) 
2. LINEAR SPIN WAVE THEORY FOR A UNIAXIAL FERRIMAGNET 
In this chapter the theory of linear spin-waves in a uniaxial 
antiferromagnet (Kittel, 1963) is extended to the case of a uni-
axial ferrimagnet. In the first section the notation is defined 
and in the preceding sections we sketch the transformation of 
the Hamiltonian given in Eq. (1) expressed in terms of spin 
variables to a Hamiltonian in spin-wave variables, and the sub-
sequent solution of the linear spin-vave problem. The details of 
the calculations are given in Appendices A to C. 
2.1. Notation 
The Hamiltonian describing the magnetic interactions - isotropic 
exchange and single ion crystal field anisotropy - was given in 
Eq.(1). With the quantisation along the z-axis, and the usual 
spin raising and lowering operators J. = Jx + ijY and J. = J. -
ijV the Hamiltonian can be rewritten as: 
* - h ' « (* (*; + vi)+ j i j ?) + 1*„,*» °>> (6' 
In the preceding chapter we saw that the two-ion interactions 
between two transition metal ions, a transition metal ion and a 
rare earth ion, and between two rare earth ions, were totally 
different, and that the single ion crystal field anisotropy was 
- 2C 
determined by the ion and the point svmmetry of the actual site 
We will therefore introduce a notation which in an easy way al-
lows us to distinguish between a rare earth and a transition 
metal ion, and between different sites of the rare earth and 
transition metal sublattices. Each single ion quantity will be 
identified by three parameters, and the two-ion exchange con-
stant by six, according to the following scheme: 
r1 ( £ ) = £ + dX 
-a - - -a 
J~ - J1_(£) 
J? = J 1 ZU) i a -
ij 
J = J (i/5J) 
ij aB 
where 
£,m are lattice vectors 
a, g denotes either rare earth (R) or transition metal (T) 
i,j is used to enumerate the position of a given type of 
atom within its unit cell 
r (£) is the position of the i'th atom of type a in the 
•a 
unit cell defined by the lattice vector £ 
d is the position of the i'th atom of type a within the 
-a 
unit cell. 
2.2. Transformation of the Hamiltonian into magnon variables 
In a ferrimagnetic compound, the Holstein-Primakoff transform-
ation (Holstein and Primakoff, 1940) of the two sublattices dif-
fers (see Appendix A) because the quantisation axes of the two 
subsystems are antiparallel. If we denote the Bose creation and 
annihilation operators for thu rare earth sublattice as a.(£), 
- 21 -
+ f 
a.(£), and for the transition metal sublattice b.(m), b-fm), the 
Holstein-Primakoff transformation can be written as (Appendix A) 
r i + _ _ ^ _+_ /7TT+ J ^ ' ( £ ) = / 2 J R a^(£) / 1 - a ^ ( £ ) a i ( £ ) / 2 J R 
J R ~ U ) = / 2 J ^ / l - a : i U a . U ) / 2 J R a i U) 
J R Z ( £ ) = - J R 4 a j ( i ) a 1 ( i ) 
J,j+(m) = / 2 J ^ / l - b* (m)b j (m) /2 J T b^ (m) 
j j~(m) = / 2 J ^ bt(in) / l - b j ( m ) b j ( m ) / 2 J T 
J;jz(m) = JT - bt (m) b.j (m) 
In a neutron scattering experiment, the observed quantities are 
not directly related to the Bose operators themselves, but to 
the spin-wave variables - or magnon variables - a1, a1 , b^, b^T, 
q q q q 
which is the Fourier transforms of the Bose operators. VJe~ 
introduce the spin-wave variables through the relations (Appen-
dix B) 
a*(£) = 1//N I exp(-iq»rR(£)) a^  
q 
a (£) = 1/iffi'l exp(iq«r*(i)) a* 
q i 
bt(BB) = 1/Æ I exp(iq'rj(m)) b^+ 
bi(m) = 1//N I exp{-iq r,j(m)) b^ 
J
 q " 2 
where N is the number of unit cells in the system. 
In Appendix B these transformations have been treated in detail, 
and the second-order expansion of the Hamiltonian in terms of 
magnon variables has been derived, (in linear spin-wave theory 
only second-order terms are taken into account), and the result 
is: 
j
»o>»r-;*w-*j!V$x) 
"
2
 V a ) I J R b 3 t b 9* ^i'^ 
-
 2
 'VT (AS> W + O'^tt) } 
I {4 -JX + <<<• i<)} 
i {4iH • 4ttf>il • » R ) } ] • "• <?> 
where 
ij ij 
J (q) = I J (L) exp(-iq-(L+d^-dJ)) 
L is a lattice vector 
h" is a g independent constant 
and 
i 3S2 o 30S4 o ^ 5 S 6 o 21sfi 6 AR = "sf »2<*> " - g f BJ ( i ) + " S ^ »S<4> + TJ* B6^> 
i 1 « 1 5 S i i « 1 0 5 S C 1 5 S , , B i " •§ ^ 2 B ? ( i ) + —i B ? ( i ) ~ B ? ( i ) +—~ B t ^ 
*
 2 2 2
 ^ 2/sJ 6 2/S^ 6 
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with 
S n = JR{JR-*> K"^)' 
The parameters describing the single ion anisotropy of the; 
transition metal are (see Eq.(5)) 
4 = 3(JT-*) B2(i) 
B* = -§ •JT(JT-%) • B2(i) = -\ /J^ A £ / / J ^ 
The expressions for A* B*, A and B* are valid only for a hex-
agonal system with an easy axis of magnetisation along tfu b-
axis in the basal plane (see Fig. 6, p. 23). 
2.3. The linear spin-wave solution 
The time dependence of the magnon variables are given by the 
factor exp(-iwt) and the equations of motion by the commutator 
relation: (see Appendix C) 
^ dt (aq e ) * laq 6 ' HJ 
i.e. 
# w aq ' Iaq' HI 
# u a_q = la-q' HJ 
K w biq * [bfq, H] 
N b J f » [b*+, H] 
(8) 
where the Haroi..onian H is given by Eq.(7). The solution to the 
eigenvalue problem of Eq. (8) yields the magnon dispersion relations. 
The eigenvalues [tf u> | are the magnon energies and the different 
modes are described by the eigenvectors a 1, a 1 T, b 1 , b 1 . The 
3 "3 ~S 3 
actual number of equations in Eq.(S) is equal to two tiraesthe num-
ber of atoms in the unit cell. however, each solution is doubly de-
generate, and the actual number of modes, or branches, in the 
dispersion relations equals the number of atoms in the unit cell. 
For the mode aescribed by E = [Pul and wave vector q the pre-
cession of the spins is given by: (Appendix C) 
ix /2J 
JR U,t) = TT K + a-q) C ° S {rr-*W ~ -*> 
iy
 P*l / i+ i\ i 
JR (£'t} = J~W Va-q " aq) Sin (3"iR(i) " ut (9) 
jx [23, 
J T (m,t) = -jj£ (b£ q + b ^ T ) cos (q-r^(m) - ut) 
JY /2J, 
J T (nj,t) = IT (b-q"bqf) Sin ( 3 ^ T ( ^ " ajt) 
The z-axis is the easy axis (see Fig. 20, p. 7 3 ) , and as can be 
seen from Eq. (9), the precession of the spins is generally el-
liptic. This is an effect of tne single ion anisot^opy. 
3. SPIN-WAVES IN Ho 2 C o 1 ? AND Ko 2 F e 1 ? 
After a short review of the crystallographic and static magnetic 
properties of the Ho 2Co. 7 and Ho 2Fe 1 7 compounds, the experimental 
set-up is described, and the quality of the observed data is 
elucidated by a few examples. In Ho 2Co, 7 and Ho 2Fe, 7 only the low 
energy part of the magnon dispersion relations can be observed, 
and in Section 3.5 the general linear spin-wave model is simpli-
2S -
fied to cover only the experimentally observable range of energy 
transfers. In the last sections, the resulcs of the least squares 
fit to the observed dal-e, and the deduced exchange and crystal 
field parameters are presented. 
Table - - 5»te octt-iipMicy in disordered Kc,F*., ,'Christ*ns*c 
and tiazell. : * t ; : . Th* Jlyckoff ao-aticr. has b*en -^sad to 
identify th* i iff»-re*- s i t e s . 
? • 
S i t * 
:-e 4« 
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1*10, , tii« average magnetic »u—r.t on tl-.e So and th»> tran-
s i t i o n aetal s i t e s (Laforest, l?*6K and th* ordering tem-
peratures 'or Ho,Co., and Ito.F*,.- Th* free ion aa>oa*tlc 
•o iant for Ho i s »-• j _ and t s * Id »a*n*tic soaent lr. 
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3.1. Crystallographic and magnetic properties of Ho7Co._ and 
Ho2Fe17 
The crystal structure of Ho2<Vo.7 and Ho2Fe17 is the complicated 
hexagonal Th-Ni-7 structure (Fig. 6), the space group is .'6,/mmc 
and in the ideal case the unit cell contains two formula ui its, 
i.e. 38 atoms. A recent crystallographic examination of the 
:e> -
Fig. 6. The Th2Ni17 s t ruc ture . 
The f i l l ed c i r c l e s are the rare 
earth ions, and the unfi l led are 
the t rans i t ion metal ions . In 
the figure, the crystal lographic 
a, b, and c d i rec t ions are de-
fined -
s i n g l e c r y s t a l s u s e d i n t h i s s t u d y ( C h r i s t e n s e n and H a z e l l , 1980) 
r e v e a l e d t h a t t h e s t r u c t u r e s were p a r t l y d i s o r d e r e d , and T a b l e 
2 shows t h e o c c u p e n c i e s of t h e d i f f e r e n t s i t e s i n H o 2 F e , 7 . I n 
t h e i d e a l T h 2 N i ^ 7 s t r u c t u r e , t h e o c c u p a n c y i s 100% f o r a l l s i t e s 
TEMPERATURE (K) 
Fig. 7. The magnetisation curves for the ferrlmagnetlc R-Co., 
compounds, in uni ts of Bohr magnetons per formula un i t . In the 
figure only the rare earth ion defining the R2Co,7 compound has 
been marked. The data are from Laforest (1966) . 
except 2c and 4e, where it is zero. The structure analysis of 
Ho-Co.- gave similar results, and in both cases a slight excess 
of Ko compared to the R2T17 st°ichiometry was observed (Christen-
sen and Hazell, 1980). 
Ho_Co._ and Ho-Fe,., are uniaxial ferrimagnets with the easy axis 
of magnetisation in the basal plane, ^long the b-axxs (see Fig. 
6), and in Table 3 the magnetic ordering temperatures, the aver-
age ordered magnetic moments of the two suMattices and the 
lattice parameters are quoted. In Fig. 7 the magnetisation curve 
for Ho_Co,7 is shown. 
3.2. The Ho2Fe., and Ho2Co,7 samples 
The Ho_Co,7 and Ho-Fe.- single crystals were grown by A. Nørlund 
Chistensen (Christensen and Hazell, 1980) using Czochralski growth 
in a cold crucible. The samples were of almost cylindrical shape 
with the c-axis along the cylinder axis. The diameters of the Sam-
's 
pies wee ~ 6 mm and the length ~ 12 mm (i.e. volume ~ 0.34 cm ) . 
The Ho2Co17 sample was one large single crystal. The Ho2Fe17 sam-
ple contained one large and two smaller grains with a common c-
axis, but where the small grains were rotated 6° and 8° around 
the c-axis with respect to th« large grain. Samples from the same 
n.elt were prepared for the crystallographic studies (Christensen 
and Hazell, 1980) and for macroscopic an; sotropy measurements 
(Clausen and Nielsen, 1981). 
3.3. Experimental set-up 
The neutron scattering experiments were performed using the tri-
ple-axis neutron spectrometers TAS I and TAS IV at the DR 3 steady-
state reactor at Risø. Most of the experiments were performed 
using TAS I, which is a cold neutron spectrometer operating with 
a fixed incident energy. TAS IV is situated at a thermal beam, 
and this triple axis spectrometer was operated in the constant 
outgoing energy mode. In both cases pyrolytic graphite crystals 
were used for both analyser and monochromator, and a 2-inch py-
28 -
rolytic graphite filter was used, either after the monocromator 
(TAS I) or before the analyser (TAS IV) to reduce the higher-
order contamination of the neutron beam. The beam was collimated 
in the horizontal scattering plane by means of vertical Cd-coated 
Soller slits. The details about the collimation and the neutron 
energies r.re given in Table 4. 
Table 4. The collimation of the spectrometers is given 
J.n minutes of arc. R, H, S, A, D denotes reactor, mono-
chromator, sample, analyser and detector, respectively, E. 
is the fixed incident energy for TAS I and E is the fixed 
outgoing energy for TAS IV. 
Spectrometer 
TAS I 
TAS IV 
R-M 
60' 
58' 
Collimation 
AS 
56' 
44' 
S-A 
61' 
54' 
A-D 
66" 
68' 
Ei 
(.tieV) 
13.9 
E 
o 
(meV) 
13.9 
In these experiments both constant-q and constant energy scans 
have been used. The neutron energy transfers were always measured 
for neutron energy loss, because all experiments were performed 
at low temperatures. 
3.4. Experimental results 
Before the actual results are shown, we will define our recipro-
cal lattice as a hexagonal coordinate system, where the angle 
between the positive directions of the basal plane unit vectors 
is 60°. 
The inelastic neutron scattering studies of Ho.Co. _ and Ho-Fe,., 
were performed at 4.2 K, and covered energy transfers between 1 
and 28 meV, and g vectors along the three high-symmetry direc-
tions. The results are shown in Figs. 8 and 9. The open circles 
were observed around the (110) and (222) reciprocal lattice 
points,whereas the open squares were observed around the (200) 
point. Three different branches have been observed, anon-disper-
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0.3 0.6 0.3 
WAVE VECTOR q (Å1) 
Fig . 8. The magnon d i s p e r s i o n r e l a t i o n s in Ho C o . . a t 4.2 K. The 
c i r c l e s a r e observed around the (110) or (222) r e c i p r o c a l l a t t i c e 
p o i n t s , and the squares around the (200) p o i n t . The s o l i d l i n e s 
are the r e s u l t s of a f i t to the l i n e a r spin-wave model as de -
sc r ibed in Section 3 .5 . The highly d i s p e r s i v e Co-mode could 
hardly be resolved from the much s t r o n g e r r a r e e a r t h mode in the 
range from 5-7 meV, and above 7 meV the Co-mode was too weak 
to be observed. 
sive mode, a d i spe r s ive mode degenerate with the non-dispers ive 
mode a t the zone boundary, and a highly d i spe r s ive mode, i . e . 
both the number of observed modes, and the q u a l i t a t i v e fea tures 
of these modes are in exact agreement with the observed magnon 
dispers ion r e l a t i o n s in the cubic RT- compounds (Koon and Rhyne, 
1979), and, as was the case for the cubic systems, the i n e l a s t i c 
s ca t t e r ing from phonons was too weak t o be observed. 
In Pigs. 10 and 11 constant q-scans a t the zone cent re are shown. 
The two d i spe rs ive modes are observed around the (110) rec ip roca l 
l a t t i c e po in t , where the dynamical s t r u c t u r e factor for in-phase 
precession of the ra re ear th spins i s maximum, and the non-d i s -
pers ive - loca l i sed mode - with energy t r a n s f e r s of ELC>c^Ho2Fe17^ 
= 8.3 meV and E (Ho-Co,.,) = 7 . 0 5 meV, were observed around the 
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Fig. 9. The magnon dispersion r e l a t i o n s in Ho-Fe.., at 4.2 K. The 
c i r c l e s are observed around the (110) or (222) reciprocal l a t t i c e 
points and the squares around the (200) point . The s o l i d l i n e i s 
the r e s u l t of a f i t to the l inear spin-wave model as described in 
Section 3 .5 . Because of the anisotropic Fe-Fe exchange, JF__F 
takes d i f f erent values in the d i f f e r e n t high-symmetry d i r e c t i o n s . 
(200) po in t , where the dynamical s t r u c t u r e factor for the r a re 
ea r th s u b l a t t i c e i s maximum for 180 out-of-phase precess ion . 
The highly d i spe r s ive modes, as observed in constant E scans are 
shown in F igs . 12 and 13. For energy t r an s f e r s l e s s than EIOC> 
t h i s mode can be observed both around the (110) and the (222) r e -
c iproca l l a t t i c e p o i n t s , each of which i s favourable for in-phase 
r a re >. c»rth modes. For energy t r a n s f e r s above E T o r / however, i t 
i s observed only for Ho-Fe,.,, and a t the (222) rec ip roca l l a t -
t i c e point a lone, where the dynamical s t r u c t u r e factor for in-phase 
precession of the t r a n s i t i o n metal s u b l a t t i c e i s l a r g e . The i n -
t e n s i t y of the highly d i spers ive Fe mode decreased rap id ly as 
the corresponding energy t r a n s f e r s exceeded ELor' From the l i n e a r 
spin-wave model i t was found tha t for energy t r an s f e r s l e s s than 
the energy of the loca l i sed mode, the highly d i spe rs ive mode was 
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ENERGY <meV) 
Fig. 10. The scat ter ing observed at the zone centre in HOjCc,-, 
a t 4.2 K. Because of f i n i t e r e s o l u t i o n , scat ter ing from the 
highly d ispers ive Co-mode i s observed in between the two peaks 
observed at the (110) rec iprocal l a t t i c e po in t . Around the (200) 
point only the non-dispersive mode i s observed. The s o l i d l i n e s 
are guides for the eye . 
charac te r i sed by an in-phase precession of both the r a r e ear th 
and t r a n s i t i o n metal s u b l a t t i c e s , but the two s u b l a t t i c e s were 
180° out-of-phase ( i . e . the loca l a n t i p a r a l l e l coupling of the 
r a r e ear th and the 3d-spins were p rese rved) . Above EL 0 C the p re -
cession of the rare ear th s u b l a t t i c e died away r ap id ly . In a study 
of the cubic RCo2 compounds Koon and Rhyne (1979) did not observe 
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Ho,Fe„ T = C2K 
•110; 
400 -
I 
c 
D O 
<J 
z 
200 
200 W 
ENERGYImeV) 
Pig . 11. The scat ter ing observed at the zone centre in Ho2Fe.7 
a t 4.2 K. The two d i spers ive mode* are observed at the (110) 
po int and the l o c a l i s e d node around the (200) reciprocal l a t t i c e 
po in t . The s o l i d l i n e s are guides for the eye . 
the h igh ly d i s p e r s i v e Co mode and for some ye t unknown reasons , 
modes which do not invo lve precess ion of the rare earth ions have 
never been observed in the R Co compounds. Also in t h i s study the Co 
n m 
mode in Ho-Co.- was not seen for energy transfers larger than EyQC* 
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Fig. 12. Constant-E scans for the highly dispersive Co mode in 
Ho2Co17 a t 4'2 K# T h e difference in width and height for 5 = q 
and £ » -q is a resolution effect. The solid lines are guides for 
the eye. 
E = 11meV 
12-t 2 - | .2 ) 
E = 5.0meV 
E = £.OmeV 
> 
02 (U 
| (relative units) 
Fig. 13. Constant-E scans for the Fe-mode in Ho.Fe.^ at 4.2 K. 
The intensity of this mode decreases rapidly when the energy 
transfer exceeds 8 meV. The solid lines are guides for the eye-
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3.5. Linear spin wave model for low energy magnons 
The linear spin wave model (Section 2.3.) predicted one spin-
wave branch in the magnon dispersion relation per atom in the 
unit cell, i.e. for the ideal Th_Ni,7 structure, which will be 
assumed in the linear spin-wave model, 38 branches are predicted 
(4 mrdes corresponding to the 4 rare earth ions in the unit cell, 
and 34 from the 3d ions), but only three have been observed. In 
Fig. 14 we have sketched these three modes. The highly dispersive 
mode (solid line) has a parabolic shape- It is observed where 
>-
o 
£T 
Hi 
z 
Ui 
T-Mode 
R-Modes 
WAVE VECTOR 
Fig. 14. Sketch of the observed 
low energy part of the magnon 
dispersion relations in R-T.-. 
Because of their simple shape, 
the three dispersion curves can 
be described by six parameters, 
one gap and one dispersion para-
meter for each branch, i.e. only 
six parameters in a linear spin-
wave model can be deduced from a 
fit to the observed data. 
in-phase precession of the 3d-sublattice will give a large inten-
sity, and it has a dispersion which is typical for a ferromag-
netic transition metal. It is therefore interpreted as an in-
phase transition metal mode, and in that case all the modes cor-
responding to the optical spin-waves in a pure transition metal 
will have energies much in excess of the practically achievable 
energy transfers in these experiments . Consequently only one 
<b -
of the 34 modes corresponding to the number of 3d-ions in the 
unit cell can be observed. Tor the interpretation of the observed 
modes this means that the spin-wave Hamiltonian Eq. (7) can be 
greatly simplified because the magnon variables for the transition 
metal ions b and b1' are independent of i (the position of the 
q q r r 
3d-ion in the unit cell). The model now predicts 5 modes, 4 modes 
corresponding to the 4 rare earth ions in the unit cell, and one 
from the 3d metal. The appearance of a non-dispersive mode can 
be explained only if the rare earth - rare earth exchange is neg-
ligible. Therefore, if we assume that JRR(q) = 0 , and furthermore, 
that the exchange and crystal field interactions of the two rare 
earth sites are identical, then three of the rare earth modes 
will be degenerate. This leads to only three non-degenerate ob-
servable modes. This means that when analysing the experimental 
results the parameters describing the exchange (T JIJ,(q)) and the 
crystal field interations (AR and BR) of the rare earth sublattice 
can be considered as independent of i (the rare earth position in 
the unit cell). 
Using these approximations the linear spin wave model can be 
solved analytically (Appendix C) for the observed low energy 
branches. The result is: 
(hu,)2 = a2 - d R = E 2 Q C (10) 
(hui)2 = (a2 - d2 + b*q) - d2)/2 - NR.ciq)/NT 
i /(a2-dR_b^2>+dT>2/4 " Vc(q)((a+b(q))2-(dR-dT)2)/NT 
(11) 
where Eq. (10) describes a triply degenerate non-dispersive mode, 
and Eq. (11) describes the two non-degenerate dispersive modes. The 
parameters inEq. (10) and Eq. (11) are defined by the expressions: 
3 = AR - 2 JT JR T (2)/« 
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b(q) = 2JT (JTT(q)-JTT(Q))/lIT+2JRJRT(0)/HT-AT 
C(q) = - 2 / j ^ JRT(q)/NR 
dR = BR 
dT " "BT 
JD = total angular momentum for the rare earth ion 
J„ = pseudo-spin for the transition metal ion (see Fq.(2)) 
NR = number of rare earth ions in the unit cell 
NT = number of transition metal ions in the unit cell 
_ ij
 ± i 
J (q) = I J (L)exp(-iq • (L+dp-d^,)) is the Fourier trans-
aB " ijL a6 " 
form of the exchange constant. 
For Ho-Fe.7 and Ho-Co,., the parameters describing the crystal 
field are given as 
AR = A H 0 = 22.5 B° - 10238 B° + 1132431 B° + 236486 B | 
B n = Bu„ =-11.62 B° + 5287 B° - 610605 B° + 87229 B* R HO 2 4 6 6 
For the rare earth sublattice and 
(11a) 
B p e = -0.69 Ape =1.15 B2(Fe) 
BCo = " 0 , 8° ACo = °'74 B 2 ( C o ) 
(lib) 
For the transition metal sublattices see Eq.(5) for the defini-
tion of B2(T) . 
The experimental information about the 3d-metal is given mainly 
in one branch, the transition metal mode (Fig. 14), and hence 
only two parameters, J__ and A_, describing the 3d-3d exchange 
and the 3d-crystal field anisotropy, both averaged over the dif-
ferent transition metal sites, can be obtained. From the two 
rare earth modes (Fig. 14) four parameters describing the rare 
earth - rare earth and rare earth - transition metal interac-
tions can be deduced. These four parameters are the two anisotropy 
parameters A , B and the two exchange parameters, J and JD„, 
where the last parameter represents an average over the different 
transition metal sites. 
The Fourier transform of the exchange constants J _(q) can now 
be calculated using only one parameter in a nearest neighbour-
like approach, where the exchange constant \1-ill,m) is given by 
op — — 
ij i J f o r l£a(^)"£"6(m)l< 3 2 
J <£,m) = I ° 3 (12) 
0.0 otherwise 
In this way the exchange is assumed to be between one ion 
and all the directly contacting surrounding ions. In this approx-
imation the exchange is taken to be independent of the ion-ion 
separation, which is not supposed to hold for the Fe compounds. 
(See the Bethe-Slater curve Fig. 5). Using the limit of .1 A in 
Eq. (12) automatically means that JRR(q) = 0 because the rare 
earth - rare earth separation is greater than 4 A. 
In the Rj^n compounds J
 fi(q) can be calculated from the knowl-
edge of the crystal structure discussed in Section 3.1. 
For q = (£,0,0) 
J R T U ) = J R T ( 1 2 . 6 + 2 8 . 8 cos(2ir£/3) +32 c o s ( 2 H / 6 ) ) 
L - U ) = J_T(80 + 176 COS(2TT£/6) +96 cos (2H /3 ) ) 
- }<* -
J ^ K ) = JOT(22.2 • 12.3 cos(2^/3)+6.4 cos (4-^/3)*32 cos(irJ) 
J T T ( U S JTT(44 + 9 6 cos(2-f./b) +104 cosl2*"./3) 
+ 80 cos<2*£/2) • 28 cos{4*£/3)) 
and for the third high symmetry direction: 
q = (0,0,0 
lmiO = ^(19.2 * 43 cos(2a£/4) + 6.2 cos (2s "0.36) 
\mm{^) » J«»(108 + 48 cos(0.22rO + 46 cos(0.2d-;) 
+ 144 cos(**£ • 4 cos(0.56*O) 
3.6. Least squares fitting procedure 
From the observed three spin wave branches only six parameters can 
be deduced, and in the preceding section they were identified as 
the three nearest neighbour exchange constants, JRR, JD*' a n d Jfr' 
and the two parameters describing the crystal field interactions of 
the rare earth ion, ARandBR, and one parameter describing the 3d-
crystal field, A_. However, from the non-dispersive, localised 
mode one parameter and one constraint can be deduced: 
ELoå - <AR " 2JT J R T ^ > / V 2 " BR 
where £___ is the energy transfer observed for the localised 
mode, and the constraint is taken from the spin wave solution 
Eq.(10). We are now left with four free parameters. These para-
meters have been determined using a general least squares fitting 
procedure, to fit the observed data from the two dispersive modes 
- AC 
to the calculated dispersion relation Eq.(ll), for one high sym-
metry direction t a time, in Table 5 the input parameters for 
the fits are shown. 
Table 5. The input parameters used in the fit to the 
linear spin-wave model. The parameters are defined in 
connection with Eq.(i;) . 
Compound LOC 
(meV) 
Ho 2Co 1 ? 7 .05 
Ho 2 Fe 1 7 8 .30 
JRR 
meV) 
0 . 0 
0 . 0 
V*T 
- 0 . 8 1 6 
- 0 . 6 9 1 
NR 
4 
4 
NT 
34 
34 
JR 
8 .0 
8 .0 
J T 
0 . 8 
1 .05 
3.7. Spin-wave results 
For Ho_Co,7 the parameters obtained from the fits were consist-
ent for the three different high symmetry directions and the de-
duced parameters are quoted in Table 6. The resulting dispersion 
relations are shown as the solid lines in Fig. 8. 
Table 6. The final parameters deduced fro... the fits to the linear spin-wave model for 
HOjCo.. and Ho.Fe.-. The uncertainties of the parameters are estimated within the model 
used, i.e. systematic errors caused by inadequacies of the model used are not taken into 
account. 
Compound 
H o 2 C o n 
Ho 2 Fe 1 7 
(meV) 
2 . 8 8 1 0 . 1 5 
3 . 7 4 ± 0 . 2 0 
BR 
(meV) 
- 0 . 2 6 1 0 . 2 0 
- 0 . 3 3 1 1 . 0 0 
* 
(meV) 
- 0 . 1 4 1 0 . 0 1 
- 0 . 1 2 1 0 . 0 2 
J <Twn 
(meV) 
2 1 . 8 1 2 . 0 
Anlsotropy 
AT 
(meV) 
0 . 6 1 1 0 . 1 5 
0 . 0 1 0 . 5 0 
BT 
(meV) 
- 0 . 5 0 1 0 . 2 2 
0 . 0 10 .35 
For Ho2Fe.- the four parameters in the linear spin-wave fits 
were highly correlated, and thp results for the different sym-
metry directions were inconsistent. Because the spin-wave ani-
sotropy parameter Ap always came out with a value close to zero 
(with a rather large error bar), Am was fixed at zero in the 
final fits. In this way consistent results for AD, BD and j _„, 
were obtained (sec Table 6), but I _ ,, still deviated substan-
J
 Fe-Fe 
tially for the different directions (see Table 7). Figure 9 shows 
the observed data and the spin-wave dispersion relations for 
Ho.Fe,.- (solid lines) with an Fe-Fe exchange constant that dif-
fers tor the different directions. In Table 7 we have included 
the observed ordering temperature T , and the mean field ordering 
temperature, calculated from the exchange constant using Eq.(3). 
In both cases the agreement is good. 
T.tble 7. The . inal parameters for the 3d-3d exchange in 
the different high syirjnetry directions, the mean field 
ordering temperature calcu ated from the exchange con-
stants, ana the observed ordering temperatures tiken 
from Laforest (1966) and Gubbens (1977). 
expound JTTl»>eV) T^«F,K) TOBS (R) 
(;oo (•; ;o) (oofj 
HO.Co., 23.4H.9 18.812.0 23.212.7 12571115 1178 
i i7 
Ho.,Fe,, 3.4810.34 4.52r0.28 2.45i0.30 301il03 335 
In Fig. 15 the dispersion of the transition metal mode in the 
different directions for Ho2Co1? and Ho2Fe,7 are compared. The 
apparent anisotropy of the Fe-Ve exchange and the isotropic 
character of the Co-Co exchange can be qualitatively understood 
with the aid of the Btthe-Slatsr curve (Fig. 5), and the fact 
that Ho2Co17 and Ho2Fe17 are closed packed like structures, which 
have been compressed slightly along the c-axis so that the 3d-
3d separation is generally shorter m the out-of-plane direction 
than within the basal plane. In HcFe.-, Jp p is very sensitive 
to the interatomic Fe-Fe distance, and, as observed, we would 
expect the Fe-Fe exchange to be smallest in the [00^] direction. 
For Ho2Co17, JCoCo lies close to a flat maximum of the Bethe-
Slater curve, and hence we would expect the observed isotropic 
behaviour. 
The parameter B2 (T) describing the crystal field anisotropy of 
the transition metal (Eq.(5)) and the crystal field parameters 
15 r 
^10 
> 
o: 
LU 
£ 5 / 
T^.2K 
Ho2Co,7 
0.2 0.4 0 
WAVE VECTOR q (A"') 
Fig. 15. The d i s p e r s i o n of the 
t r a n s i t i o n metal modes in Ho-,Co17 
and Ho2Fe.7 a t 4.2 K. The l i n e s 
arc; do t t ed in t h e region where 
the two d i s p e r s i v e modes mix. In 
Ho2Co17 t he d i f f e r ences in the 
observed d i s p e r s i o n i s wi thin the 
experimental e r r o r , whereas in 
HOjFe.- the an i so t ropy of the 3d-
3d exchange i s e v i d e n t . 
B 2 (R) , B,(R) can be c a l c u l a t e d from A , A and B us ing Eq.(11a) 
and E q . ( l i b ) i f B°(R) and B°(R) a r e assumed t o be n e g l i g i b l e . The 
r e s u l t s a r e quoted in Table 8. B°(Ho) and B^ (Ho) a r e s l i g h t l y 
l a r g e r in Ho-Fe . - than in Ho Co , but t h e d i f f e r e n c e i s not s i g 
n i f i c a n t ( the two s e t s of pa rame te r s ag ree w i t h i n t h e e x p e r i -
mental u n c e r t a i n t y ) , and t h e s ign of B°(Ho) and B^ (Ho) i s , of 
c o u r s e , in agreement w i th t h e observed easy b - a x i s . Creedan and 
Rao (1973) have e s t i m a t e d t h e c r y s t a l f i e l d pa ramete r B°(Ho) fo r 
t h e two Ho s i t e s in Ho-Co.- us ing a p o i n t cha rge model and neg-
l e c t i n g t h e i n f l u e n c e of t h e Co i o n s . They o b t a i n e d v a l u e s for 
B»(Ho) which a r e of t h e same o r d e r of magni tude as our r e s u l t s , 
Table 8. The crystal field parameters for Ho-Co.. and 
Ho2Fe.- as derived from the spin-wave fit, and as calcu-
lated from a point charge model neglecting the influence 
of the Co sublattice (Credan and Rao, 1973). In the 
point charge calculations the contribution from the two 
rare earth sites 2b and 2d (wyckoff notation) are differ-
ent. 
Point charge 
R-only 
site 2b site 2d 
This study 
K-sites T-sites 
B2 
(meV) 
B2 
(meV) 
B2 
(meV) (10 ^meV) 
B2 
(meV) 
Ho2Co17 0.O60 -0.045 0.066±0.010 5.88±1.20 O.681O.IO 
*»2F«17 0.086i0.054 7.63J5.27 O.OtO.30 
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but according to their results, the two Ho sites should display 
very different anisotrcpic behaviour, because the sign of B?(Ho) 
should be different (Table 8). We, however, feel that the Co ions 
should not be neglected, and find our assumption of identical 
exchange and crystal field interactions of the two rare earth 
sites to be plausible because: 
a) Gnly three i?.odes were observed. If the two sites were 
different, five modes should have been observed. 
b) The two sites have the same point symmetry. 
c) 18 out of 20 nearest neighbours are in equivalent rela-
tive positions to the two sites. 
d) If the observed disorder of the compounds is taken into 
account, one cannot on the average distinguish between 
the nearest neighbour surroundings of the two sites. 
Using our linear spin-wave model, the low energy part of the ob-
serve * TT,""5non dispersion relations for Ho~Co,7 and Ho„Fe.7 can 
be reproduced, and at first sight the parameters deduced from 
the fit to the linear spin-wave model yield the correct signs 
and orders of magnitude. In the next chapter the adequacy of the 
model will be more thoroughly tested by using the deduced para-
meters to predict independently observed magnetic properties of 
H o2 C o17 a n d H o2 F ei7* 
4. MAGNETIC PROPERTIES PREDICTED BY THE PARAMETERS DEDUCED FROM 
THE SPIN WAVE FIT 
The linear spin wave model used to analyse the observed data is 
based on many simplifying assumptions (see Chapter 3). The 3d-
magnetic moment has been treated as pseudo spins interacting 
via the isotropic nearest neighbour exchange and the single ion 
44 -
crvstal field interactions. In the present approximation we 
have assumed that the 3d-sites could be considered as one single 
site with average parameters for the pseudo-spins Jm = •li„/2';D, 
1 I D 
the exchange constant and the crystalline electric field. 
Especially for Ho-Fe,_ the rather low ordering temperature and 
the neglect of the two ion anisotropy is rather crude, but as 
the inelastic neutron scattering data shows only three branches 
of very simple shape, it would be highly dubious to introduce 
more variables. The degree of confidence in the simple approach 
that has been adapted in this thesis is therefore closely re-
lated to the ability to predict other independently observable 
magnetic properties by means of the deduced parameters. In the fol-
lowing paragraphs the spin wave parameters are tested against 
the observed temperature dependence of the localised mode, mac-
roscopic anisotropy parameters, and in the case of Ho2Co,.,, with 
the magnetization curve. 
4.1. Temperature dependence of the localised mode 
For the non-dispersive modes (10) it is a good approximation to 
regard the rare earth spins as independent spins situated in a 
molecular field from the transition metal spins and in a crystal 
field originating from the surrounding ions. The single ion 
Hamiltonian describing this situation is given by: 
HMF * HCF " H-5 
= HCF + g pB B.JR 
where 
«CF = B 2 ° 2 * B6 °6 
ij -; 
g M R § = -2 I J (i) jJ(i) B
 ll RT T 
4^ 
- å ; J*r<&> ^T 
Here the crystal field Hamiltonian is given in the c-axis rep-
resentation and B. and B, are assumed to be r.sgligible. The di-
rection of J_ is along the b-axis (see Fig. 6). 
In the independent dipole approximation the intensity of the 
scattering from this mode at a given temperature T - including 
instrumental resolution - can be calculated as (de Gennes, 1963) 
I (co,T) = l | p± | <f | Jx | i> |2 k±/kf 
*C exp(-(Wa)-Ej+Ei)2/aif) J + B (15) 
where 
C is a normalising constant 
A 
Jx is the component of the momentum operator perpen-
dicular to the scattering vector K = k-k, 
k., k are the initial and final wave vectors 
a is the energy resolution width of the spectrometer for 
an energy transfer of E--Ef 
p. is the Boltzmann population factor for the initial state 
B is a constant background. 
The initial and final energies E.^ , Ef and wave functions <i|, 
<f| are determined by diagonalisation of the mean field Hamil-
tonian Eq.(14) 
HMF ln> = En 'n> 
where n = i or f. 
In the right hand sides of Figs. 16 and 17 the level schemes, 
transition probabilities |<f|Jx|i>| between adjacent states and 
-i—i r i i—r—>—r—r 
150 , H ° 2 C ° 1 7 
\ 64.8 K y 
Kfllji)!3 
- I — 
25.75 + 25.37 
- f -
23.97 
- f -
21.59 
I 4 -
18.36 
4" 14.58 
- * -
10.45 
5.75 
_L_ 
<Jx> 
0.16 
0.92 
1.96 
299 
3.96 
4.87 
5.84 
6.93 | 
i 
8.00 i 
1 0 
40 
30 
< 2 0 g 
10 
100 
ENERGY(mcV) 
Fig. 16. The scattering from the loca l i s ed (non-dispersive) mode 
in Ho.Co..- a t d i f ferent temperatures. The so l id curves are c a l -
culated from a mean f i e l d model using the parameters deduced 
from the f i t to the l inear spin-wave model. The energy l e v e l s , 
the z-component of the t o t a l angular momentum J , and the tran-
s i t i o n probabi l i t i e s within the mean f i e l d model are given in 
the r ight part of the f igure . The l ine shape of the scattered 
i n t e n s i t y i s calculated using the known energy reso lut ion of the 
spectrometer. 
the component of the t o t a l angular momentum of the Ho ions along 
the quant isa t ion axis are shown for Ho.Co,., and Ho-Fe..,. Almost 
pure J s t a t e s were found in both cases , and ca l cu l a t i ons show 
tha t the t r a n s i t i o n p r o b a b i l i t i e s between non-adjacent s t a t e s 
are about two orders of magnitude lower than for adjacent s t a t e 
t r a n s i t i o n s , and have therefore been neglected in the a n a l y s i s . 
The sol id l i n e s in the lef t-hand s ides of Figs. 16 and 17 are the 
ca lcu la ted s ca t t e r i ng from the non-dispersive mode a t d i f f e ren t 
temperatures, using Eq.(15) , and the open c i r c l e s are the 
observed s c a t t e r i n g . In the ca l cu l a t i ons , the background B was 
taken from the experiment as the observed s c a t t e r i n g outs ide the 
regions of the peaks. The normalisation constant was e s t i -
- 47 -
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Fig. 17. The temperature dependence of the scattering from the 
localised (non-dispersive) mode in Ho2Fe17. The solid curves are 
the resul t of a mean field calculat ion. (See the figure caption 
for Fig. 16). 
mated by inspect ion, and kept temperature . n v a r i a n t . The r e s t of 
the parameters in the ca lcu la t ions are given by the paramenters 
deduced from the spin-wave f i t s and the resolu t ion of the spec-
trometer . 
For Ho Co,_,the agreement between the observed and ca lcu la ted 
sca t te r ing i s remarkably good (see Fig. 16). For Ho-Fe,- the 
peak a t approximately 5 meV s t a r t s developing a t a too low tem-
pera tu re , and the peak a t ^8 meV d ies out too slowly, but never-
t h e l e s s , the general fea tures are co r rec t , and, as mentioned be-
fore , the approximations made in the l inea r spin-wave model are 
much more severe for the Ho-Fe.., than for the Ho2Co.7 compound. 
- 4b -
4.2. Macroscopic anisotropy constants 
The macroscopic free energy of a magnetic system can be calcu-
lated from the microscopic Hamiltonian by the equation (Lindgård 
and Danielsen, 1975) 
F(6,<j>) = - kB T In (l exp(-Ei(6,$)/kB T)) (16) 
i 
where E. is given by H(6,<j>)|i> = E. (6,0) ji>, k is Boltzmann's 
constant, and H(9,({) is the Hamiltonian in a representation in 
which the direction of the quantization axis is given by the 
polar coordinates 0 and $. 6 is the angle of the magnetisation 
relative to the hexagonal axis, and 4> is the angle in the basal 
plane relative to the a-axis (see Fig. 6). 
For hexagonal syiranetry the free energy in Eq.(16) is generally as-
sumed to take the form 
F(e,$) = kQ(T) + k1(T) sin26 + k2(T) sin4(6) 
+ k3(T) sin66 + k4(T) sin60 cos 6$ (17) 
wherek (T) are the macroscopic anisotropy constants. At low temper-
atures only the ground state contributes to the free energy, 
and Eq.(16) can be rewritten as 
F(e,4>) = Eo(e,$) = E e x + ECF(e,<j>) 
where E is 6 and <f> independent if: 
a) the exchange is isotropic and 
b) the exchange is sufficiently strong to preserve colin-
earity. 
ECp(6,4>) takes the form of the crystal field Hatniltonian, but 
the spin operators are interpreted as clasical spins. If we as-
sume B? = B? = 0 the E (6,<J>) per formula unit is 
- 49 -
Ecr(e,*)/N = 2 (B°(R)0°(R) + B|(R)0*(R)) 
+ 17 B2(T) [3(jJ)2 - JT(JT+D1 
= 2 B°(R) [3(JR)2-JR(JR+1)]+B*[(JR)6 + (J~)6) 
+ 17 B2(T) [3(J*)2 - JT(JT+1)] 
using 
J = J sin 6 cos A 
a a 
Jy = J sin 6 sin $ 
a a 
J2 = j cos e 
a a 
J+ = Jx + i Jy = sin 6 exp(+i$) 
a a a 
J~ = Jx - i Jy = sin 6 exp(-i<J>) 
a a a r 
ECF(9'*) = N (Eo " { 6 B 2 ( R ) JR + 51 B 2 ( T ) JT } S i n 2 e 
+ 2 B* JR sin6e cos6$) (17) 
where N is the number of formula units in the system. 
From a direct comparison of Eq.(16) and Eq.(17) we find 
KX(T) = N (6 B°(R) J2 + 51 B2 (T) jj) 
K4(T) = 2 N B* JR (18) 
In Table 9 we have quoted the anisotropy constants as calculated 
from Eq.(18) using the crystal field parameters deduced from the 
spin wave fit, and as observed from magnetisation measurements 
(Clausen and Nielsen, 1981). 
.iLlv; -j. The muS'-ftl- anisotiopy constants K. and K, tui Ho-,i_"o and Ho?Fe._ at a temper 
a tur«-- of 4.2 K. K. ' and K a:«? the exper mental ly obsuived quantities (Clausen and 
Nielie:i, 1*81). For Ho^Fe the hard axis magnetization curve could only be explained it 
the higher order anisotropy constant K was included. K.1" c and K.1" are calculated 
CALC from the crystal field parameters deduced from the spin-wave fit. K is quoted tor 
buth the situation where the transition metal is neglected (R-only) and the case where 
contributions from both sublattices are taken into account. 
.. CALC
 K CALi." OBS CALC OBS 
*1 "l Kl K4 *4 
Compound R-only 
(107 erg/cm3) (107 enj/cm3) I107 erg/cm3) (107 erg/cm3) (107 erg/cm3) 
:lo Co,7 -30.9 J 8.» -It.4 • 2-5 -1-48 • U.v)4 2.U ; 0.4 O.Obfc • 0.002 
:io^Fe 20.t> * 23.6 -20. fa t 13. u i " l 1 - ^ I "•"*. 2.S • 1.5 0.085 • O.U( 
2.^ J 7 .„.„ *.,.„ .„.» . \(K =1.7S ? O.CS) t 13.u J 
I«, 
If the rare earth contribution to the anisotropy alone is taken into 
account, the calculations for Ho Co.- overestimates K. (T) by a factor 
of ^11 and K (T) by a factor of ^ 32. Inclusion of the transition metal 
contribution makes the agreement even worse- For Ho.Fe.- the magnet-
ization data shows that the higher order axial anisotropy terms 
(B.) cannot be neglected. 
4.3. The magnetisation curve for Ho-Co,., 
For the R2<"°17 c°mp°unds the ordering temperature T and the 
magnetic moment of the Co ions u are almost independent of the 
rare earth ion R, and the temperature dependence of p can be 
found from 
Y2Co17 (T' = 1? ^Co <T> 
34 uB JCQ (T) 
whore we have used the definition of the pseudo-spin u„ = ~2p0 J„. 
Within mean field theory the thermal average of the total angu-
lar momentum <JR> of the rare earth ions can be calculi ted from 
the mean field Hamiltonian '14) using 
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< J R > = l < i i J z ! i > exP("BEi)/Iexp(-BEi) 
where 
6 = kB T and Ei = <i|HMF|i> 
The magnetisation curve for Ho-Co,., is then given as 
JHo2Co1? " PY2Co17 " 2 9Ho VB <JHo> 
where g = 1.25 and PyoCon i s t a k e^ from experiment (Lafotest, 
1966). In Fig. 18 the solid line shows the observed magnetisation 
curves for Y2Co17 a n d Ho2Cc)i7 (Laforest, 1966) and the open cir-
UJ 
1 1 1 1 1 1 1 1 r — T i r-
_ Y2Co17 
o -Ti. 20 - JyO" 
500 1000 
TEMPERATURE(K) 
Fig. 18. The magnetisation curves for Ho2Co17 and V,Co1 7 . The 
s o l i d l i n e s represent experimental r e su l t s by Laforest (1966) 
and the c i r c l e s are calculated from a mean f i e l d model using the 
parameters df> luced from the f i t to the l inear spin-wave model. 
cles are calculated using the parameters from the spin-wave fi t 
and the observed magnetisation for Y-Co,-. The agreement is ex-
cellent at all temperatures, which means that the deduced rare 
earth - transition metal exchange constant J yields a good de-
scription of coupling between the two sublattices. 
S. DISCUSSIOiv 
In this Chapter we first describe the present understanding of 
the general magnetic properties of the transition metal rich 
R T compounds. Then the used phenomenological model and its 
limitations are discussed, and finally the conclusions drawn 
from the experimental observations are reviewed. 
5.1. General magnetic properties of R->T,
 n compounds 
First principle calculations of the magnetic properties have so 
far shown impossible, and the present phenomenological theories 
of magnetism can generally be divided into two main groups: a) 
the localized theories for the rare earth metals where the mag-
netic interactions in the solid only result in small pertur-
bations of the free ion 4f wave-functions (i.e. the 4f electrons 
can be considered as residing permanently on a given ion), and b) 
the itinerant energy band theory of magnetism where the electrons 
are considered as belonging to the whole crystal rather than to 
the individual ions, and where the magnetic ground state is 
heavily influenced by the lattice (e.g. 3d electrons in the tran-
sition metals). At present no simple theories combining these two 
extreme cases are available. 
The transition metal rich R T compounds can be considered as 
consisting of two weakly interacting subsystems, because the rare 
earth 4f wave functions and the transition metal 3d band is only 
slightly affected on forming the compounds. The main effects of 
the rare earth ions on the 3d ions are the decrease in the 3d co-
ordination number of the transition metal sites, and the change 
in the electronic properties of the transition metal that results 
from the distortions of the local symmetry of the 3d ions pro-
duced by the mere presence of the rare earth ions. The main 
effect of the transition metal sublattice on the rare earth ions 
is to provide a large molecular fielu at the rare earth sites, 
and a charge distribution leading to a crystalline electric field 
Both the 4f and the 3d electrons will of course interact with the 
conduction electrons, and the quenching of the RKKY type rare 
earth - rare earth exchange interactions is presumably caused by 
the dominance of the interactions between the 3d electrons and 
the conduction band. 
The rare earth and the transition metal sublattices thus tonus 
two very different subsystems and apart from the zone centre 
part of the "acoustic" (inphase) transition metal mode, the ex-
citation spectra of the two subsystems are found in two well 
separated ranges of energy transfers. In the present experiments 
only tic low energy part (<20 meV) of the excitation spectrum 
could be observed, i.e. only the rare earth modes, and the zone 
centre part of the acoustic 3d-mode have been observed and hence 
the amount of information about the interactions between the 3d 
icns will be limited to the gross features. This acoustic 3d 
node only displays the magnetic properties averaged over the 
different transition metal sites. The 3d sublattice of the RJT^-
compounds is known to show a simple ferromagnetic ordering 
scheme, but apart from that, the magnetic properties of the 34 
3d ions in the unit cell, distributed over 4-5 sites of differ-
ent point symmetry are quite complex. A polarized neutron dif-
fraction study of Lu_Fe17 (Givcra 1976) revealed that the mag-
netic moments on the different Fe sites varied from 1.9 * 0.15 ;._ 
to 2.85 i 0.20 ;;„. The hyperfine field on the Fe sites in Tb_Fe,_ 
(Gubbens 1977) determined by Mossbauer spectroscopy were found to 
vary from 26.2 T to 36.7 T (in the Co compounds the difference 
between the hyperfine field and the magnetic moments on the dif-
ferent Co sites is assumed to be much smaller), and in an NMR 
study of Y2Co17 the anisotropy of the different Co sites 
(Streever 1978) varied from sites weakly favouring an easy c-
axis to sites strongly favouring an easy basal plane. However, 
since the difference between the 3d sites is only displayed in 
the optic transition metal modes, which could not be observed in 
this experiment, we are only able to derive average exchange and 
crystal field parameters for the transition metal sublattice. 
5.2. Phenomenological model 
The low energy part of the magnon dispersion relations of Ho 2Fe 1 7 
and Ho2Co,_ is dominated by the rare earth contributions and we 
have chosen a localized (rare earth) description of the magnetic 
interactions, with a Hamiltonian including isotropic exchange 
and single ion anisotropy. The parameters describing the ex-
change and the crystal field anisotropy exhausts the number of 
parameters that can be deduced from a linear spin-wave interpre-
tation of the experimental results, and hence less important 
interactions, such as for instance magnetostriction, are neglec-
ted. Localized models are of course generally inadequate for 
itinerant electrons, but in the present case we will justify the 
chosen model by the fact that the 3d band in Ho-Co,_ and Ho?Fe.._ 
is almost identical to the 2d band in the pure Co and Fe metals 
for which Liu (1976) have successfully used a localized quasi-
spin picture to describe the ground state magnetic excitations. 
The crystal field anisotropy on the Co and Fe sites in Ho-Co,7 
and Ho?Fe,_ is, however, much larger than in the pure transition 
metals, and the pseudo-spin description is unrealistic for the 
crystalline electric field in itinerant electron systems, but 
since the main influence of the 3d anisotropy on the excitation 
spectrum is to change the q = () energy gap of the transition 
metal mode and to slightly modify the region where the two dis-
persive modes cross, we can use the concept of quasi-spins to in-
troduce these changes. However, the actual value of the deduced 
anisotropy parameter should only be used as a qualitative measure 
of the transition metal sublattice anisotropy. Under the assump-
tion that the rare earth and the optic transition metal modes are 
well separated in energy, the proposed linear spin-wave model can 
be solved analytically, and the interpretation will be limited 
by: 
a) Only a linear combination of the axial crystal field para-
meters (B-, B° and B°) plus the basal plane crystal field 
parameter (B§) can be deduced for the rare earth sites. 
b) Only average transition metal - transition metal and rare 
earth - transition metal exchange constants can be deduced, 
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and these parameters should only be used in mean field 
calculations of the molecular fields on the rare earth 
and transition metal sites. 
c) Only qualitative arguments can be given about the aniso-
tropy of the 3d sublattice. 
5.3. Experimental results 
In the present experiments on Ho_Co17 and Ho2Fe.7 we have ob-
served two rather than four non degenerate rare earth modes, and 
since all ground state rare earth excitations will have energies 
in the investigated range of energy transfers, the dispersive 
rare earth mode must be a non degenerate in-phase mode of the four 
rare earth ions in the unit cell, and the non dispersive mode 
must be a tripply degenerate out-of-phase mode. Consequently the 
crystalline electric field of the two rare earth sites is iden-
tical. The single ion anisotropy of the rare earth sites is 
therefore determined by the charge distribution from the nearest 
neighbour transition metal ions (which are almost identical for 
the two rare earth sites) rather than by the influence from the 
more distant rare earth neighbours, which according to point 
charge calculations (Creedan and Rao 1973) would favcur an easy 
basal plane for one of the sites, and an easy axis for the other. 
Within the experimental accuracy no dispersion of the flat mode 
could be observed, and hence we can conclude that the rare earth 
- rare earth exchange is negligible. 
5.3.1. H O 2 C P 1 7 
For Ho?Co,7 the transition metal mode could only be observed for 
energy transfers less than the energy of the localized mode, i.e. 
it can only be seen when the 3d sublattice couples to the rare 
earth system. As soon as the precession of the 4f moments dies 
out, the transition metal mode is too weak to be observed. The 
same effect has been observed in HoCo- and ErCo2 (Koon and Rhyne 
1979), but the reason fir this behaviour has not yet been found. 
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For Ho„Co-_ the transition metal mode is very steep, and the 
rare earth and the optic transition metal modes are well separ-
ated, as we have assumed in our model. From the deduced 3d-3d 
exchange constant, a mean field ordering temperature of 12 57 ± 
115 K was deduced. The observed ordering temperature is 1178 K, 
and we can conclude that the average molecular field on the 
transition metal sites is in agreement with experiments. The 
crystal field anisotropy of the Co sublattice was found to favour 
an easy basal plane. 
From the molecular field on the rare earth sites, deduced from 
the rare earth - transition metal exchange and the deduced rare 
earth crystal field parameters B° and B,. (B° and B° were assumed 
to be negligible) the magnetization curve and the temperature 
dependence of the localized mode - both intensity and energy 
transfers - could be predicted in agreement with experiments. 
From the study of the macroscopic anisotropy parameters (Clausen 
and Nielsen (1981)), it could be concluded that the higher order 
axial anisotropy constants corresponding to B. and B, could be 
neglected. The predicted macroscopic anisotropy constants k, and 
k. were of correct sign, but both were an order of magnitude 
larger than the observed values. Despite this discrepancy, we 
can conclude that for Ho-Co,- our simple model yields a consist-
ent quantitative description of several independently observable 
magnetic properties for which the mean field approximation is 
valid for the 3d sublattice. It is of course beyond the scope of 
the model to describe magnetic interactions which are sensitive 
to the difference of the magnetic properties at the different 3d 
sites. 
5.3.2. Ho Fe17 
For Ho2Fe,_ the energy separation of the optic Fe modes and the 
Ho modes is much smaller than in Ho_Co,7, making the approxi-
mations of well separated modes from the two subsystems less 
justified. 
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For Ho^ Fe-.- the Fe-Fe exchange interactions was found to be ani-
sotropic, however the mean field ordering temperature of 300 i 
90 K derived from the 3d-3d exchange constant were in agreement 
with the observed ordering temperature of 335 K. Because of the 
two ion anisotropy of the Fe sublattice, no conclusive state-
ments about the single ion anisotropy of the Fe sublattice can 
be given. 
From the molecular field on the rare earth sites, deduced from 
the Ho-Fe exchange constant and the deduced crystal field para-
meters B„ and B, for the rare earth sites (B° and B, were as-
2 6 4 6 
sumed to be negligible), the temperature dependence of the local-
ized mode could be explained qualitatively, but the predicted 
temperature dependence of the intensity of the scattering showed 
some deviations from the observations. The macroscopic aniso-
tropy measurements on Ho2Fe,_ showed that the higher order crys-
tal field terms (B.) could not be neglected, and the neglect of 
B. in the analysis of the localized mode is presumably the reason 
for the discrepancy between the observed and calculated scatter-
ing. The macroscopic anisotropy parameters calculated from the 
deduced crystal field parameters B_ and B6 were about an order 
of magnitude larger than observed. 
For Ho_Fe,7 our simple model gives a consistent qualitative de-
scription of the performed experiments, but because the Fe ions 
are much more sensitive to changes in the local symmetry than 
the Co ions, a quantitative description of the magnetic inter-
actions in Ho2Fe.7 will require a much more complicated model, 
taking two-ion anisotropy, higher order anisotropy constants and 
presumably magnetostriction into account. 
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APPENDIX A 
The Holstein-Primakoff transformation 
In the Holstein-Primakoff transformations (Holstein and Prima-
koff, 1940), an analogy between the effects of the Bose operators 
on the harmonic oscillator wave functions, and the effect of the 
spin raising and lowering operators J and J on the wave func-
tions in the lowest J multiplet of a magnetic system is used to 
+ — z 
expand J , J and J in the Bose creation and annihilation oper-
ators. 
In Fig. 19 we have sketched the level schemes for a harmonic os-
cillator and for two magnetic systems, both having the lowest J 
multiplet at much lower energies than the higher multiplets and 
having ground states which are fully magnetized either parallel 
to the z-axis or antiparallel to the z-axis. In the figure n de-
notes the n'th excited state. In the ferrimagnetic compounds to 
be examined in this thesis one of the sublattices will have [J> 
as the ground state and the other [-J>. 
Let's choose j-JD> as the ground state for the rare earth sub-
lattice, then for n < 2 J 
J* |-JR + n > = C l-JR + (n+1) > 
and 
/2J7 a+ A-a* a/2 J '{ n > = C I n+1 > 
i.e. 
J* and /2JT a+
 ta-a
+a/2J_ 
have the same matrix elements, and both excites the system from 
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Magnetic System 
Ground State U> 
IJ-2J) 
IJ-(2J-1)> 
IJ-n> 
Harmonic 
Oscillator 
IJ-1) 
U-0> 
In) 
2J*1 
Levels 
12) 
ID 
10) 
Levels 
afln> J U-n> 
=y^Jy«7i}/r£IJ-(n*1)) = y?wi"ln«1> 
J*IJ-n> aln> 
=j/5j^1_nj^lj-(n-1)> =j/n"ln-1> 
JzIJ-n) = (J-n)IJ-n> a aln) = nln) 
Magnetic System 
Ground State l-J> 
l-J*2J> 
l-.M2J-1)> 
l-J*n> 
l-J*1> 
I-J*0> 
J*l-J»n> 
=l/27ynTl ^ 1 ^ l - J^ n*1)> 
2>1 
Leveis 
J~i-J*n> 
=y5jyTr^Knl-J*(n-1)> 
J*l-J»n)=(-J»n)l-J»n) 
Fig. 19. Level schemes for a harmonic o s c i l l a t o r (centre) and 
for the lowest J mult iplet cf two magnetic systems, which are 
fu l ly magnetized in the ground s t a t e s e i ther p a r a l l e l ( l e f t ) or 
a n t i - p a r a l l e l (right) to the z - a x i s . At the bottom of the f igure 
the e f f e c t s of operating on the wave functions with the bose and 
spin operators are shown. 
the n ' th to the n+l ' th excited s t a t e , similarly: 
J~ corresponds to /2J„ / l -a a/2JD a 
and 
z t 
J_ corresponds to -JR + a a 
The transition metal sites are magnetized antiparallel to the 
rare earth sites, and consequently the ground state of this sys-
tem is |J„>. For ease cf notation the Bose operators are denoted 
b and b+ in the Holstein-Primakoff transformation of the trans-
— *- < _ 
ition metal sites. From Fig. 19 the following correspondence can 
be found: 
J corresponds to /2J_ /l-b"b/2J b 
J corresponds to /2JZ b' /1-b b/2J 
and 
J* corresponds to J - b'b 
From quantum mechanics it is found that 
[J+,J ] = 2J2 and [a,aT] = 1 
are non-zero commutators among the spin operators and the 
Bose operators, respectively. Using the Holstein-Primakoff 
transformation, 
[J^,J~] transforms into 2J aT v 1 - v-p. v 1 - ^j^ a 
R K 
= 2J 
=
 2JR 
"
 2JR 
/ t a+afaa /, afa , t ,% A afa\ 
R (a a - - 5 — - >/ 1 - ^ (a a+l) / 1 — ) 
/ i a+afaa ., a+a. /. a+a / a+a t ^
 n\ 
[a a - -jj— - (1-33-.) - / 1 - — V l-rj- a a • o) 
(•'•-^-^-•'••^J 
_ OT i i J. a a a a aa , a (aa+l)a\ 
"
 2 JR V"1 2Jl - - 2 J — + 2Jl J 
R ~"R *WR 
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= 2(-J_ + a'a) corresponding to 2J_ 
and generally it can be shown that the Holstein-Primakoff trans-
formation preserves the commutator relations, and consequently, 
when the lowest J multiplet provides a satisfactory description 
of the magnetic properties in which we are interested, and when 
temperatures or excitation energies are sufficiently low to 
avoid population of the non physical states with n greater than 
2J+1, then the Holstein-Primakoff transformation can be used, 
and all calculations can be performed using the well known Bose 
operators and the harmonic oscillator wave functions. 
APPENDIX B 
Transformation of the Hamiltonian into a second order Hamil-
tonian in spin wave variables 
This appendix gives a detailed description of the transformation 
from the spin operator Hamiltonian via the Holstein-Primakoff 
transformation and a subsequent Fourier transformation into a 
Hamiltonian of second order in the spin wave variables. The no-
tation is defined in Section 2.1. 
The Holstein-Primakoff transformation (Appendix A) for the rare 
earth sublattice is: 
Jt +U) = /2J« a: (1) V -L "" o t R *-' r R ~ix*' y * 2J_ 
R 
i- f a|(i)at(t) 
J* <£) = /2J^ V 1 - 1
 2 J
 x
 a., (4) (B.l) 
I\ 
- (33 -
j " U ) = -JR + a^ (fc) a.. (£) 
and for the transition metal sublattice: 
i + / b*(ra)b. (m) jj (m) = /2Jl 7 1 - J ~j n b (m) 
/ b*(m)b. (m) 
J^ , (nj) = /2J^ bj(m) / l - 3 ^ 3 " (B.2) 
J^z(m) = JT - bttmjb^m) 
In a neutron scattering experiment, the observed quantities are 
directly related to the Fourier transform of the Bose operators, 
and thus we introduce the spin wave variables a , a , b^ and 
i q 5 q 
bJ through the following equations: ~" 
(B,3) 
bt(m) = -± Zexp(iq.rj(m)) b-f 
J
 Æ q X " ' 2 
Mffi) - "I Iexp(-iq.rT(nj)) b^ 
J
 /N q N - ' 2 
where N is the number of unit cells in the system. 
The Hamiltonian consists of a two ion exchange term H and a 
single ion crystal field term Hcp. In the two ion exchange term 
A A 
H = - I \ J. • J. 
ij ij X 3 
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A A 
J. and J. always commutes (J.. = 0) and a second order expansion 
of the Holstein-Primakoff transformation is sufficient. The 
single ion crystal field term K can be expanded in (J?J?)n and 
((Ji) + (j~) ) and the full Holsteir.-Frimakoff transform must 
be used in order to get a spin-wave Hamiltonian which is correct 
to second order in the magnon variables. 
B.l. Transformation of H 
ex 
The exchange hamiltonian for the R T compounds can be separated 
in three terms: 
H = IT"" + HRR + H ^ ex ex ex ex 
Using Eq.(B.3), the second-order expansion of Eq.(B.l) can be 
written as: 
JR+<*> =/^^ XK- i5-4^) aq + 
JR~<*> " /"ir I«p(*2-Sj<i>) a, <B-4> 
JRZ(*> - "JR + i l Iexp(-i(q-q.).ri(u) aq+ aq. 
q q< 
and similarly (B.2) can be expanded as: 
jj+(n>> = jp Zexp(-iq.rT(nj)) bq 
123
 f 
JT"(ffl) = J-£ Iexp^i3.r^(m)j bqf (B.5) 
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JJ*<?> - JT - ±1 I«xp(i(q-q')-rj(B)j b ^ b±. 
The 3d-3d part of the exchange Hani1tonian H is given by: 
il im TT l •* 
= H - • H " 
where 
2J* _ _ _ iJ 
H+' « - -=* I I I J (i.») bVtexp(iq'-4<B)-iq-£id>) 
ijt?qq' TT 3 2 \ - * - i / 
2J„ _ . ,
 < + / -i i\_ i3 
IT Z I b* b^t exp(iq'.dj-iq.di)j J <t,5>exp(iq'5-iqt) 
qq' ij - - " " • is TT \ - - / 
The exchange constant J (i,n) depends only on the lattice vec-
TT 
tor It = i-m and consequently: 
Z J (i-m)exp(i(q'M*-q-t))= I J (Uexpf-iq-xVexpfitq'-q)^ 
i3 
= N iaq. I J (L)exp(-iq.L) 
22 L TT \ - / 
i.e. H can be written as 
H+~ = - 2J • I I b j b j f J°(q) 
1
 ij q 2 2 TT 
with 
- DO — 
J (q) = I J (Ljexpf-iqML+di-dJ)) 
W ~ T. TT V ~ / 
z z 
The second order expansion of H can be found using 
-jiz(A) jJZ(m) 
=
 N ^ (exp(i(3-g,)-4(50bq+bq,+ e X P( i ( 3" 9 , ,*-T (^ )) bq + bq')" JT 
ij 
and since J (l,m) only depends on L = I - m 
TT 
ij / . v 
I J (£,m)exp l(q-q') 'rj(m) ) 
im TT \ - - -•!• " / 
= I J (L)exp(i(q-q'Hdj-L)) £exp(i (q-q- ) • l) 
l, TT \ - - x / o \ - - -/ 
=
 N
 ^n- I J (£) 39 L TT 
H z z can be written as: 
HZZ = JT I I J1J(0) < b * V + bJ +bJ) + Ho 
1
 ij q TT 2 ? 2 2 ° 
where H is a constant, and can be neglected. 
D O 
In a similar way H can be found as: J
 ex 
ii. { 2 j % •r^-j!!'B>«'jt*j + *r-«>} 
q i] l RR 2 2 RR 2 2 2 2 J 
„RR
 T - - f X J H + •» ^ 
Hex - - J R
 q 
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where 
J (q) = I J (L)exp(-iq.(L + di - dj) J 
RR " T. RR \ - K H J 
The rare earth-transition metal exchange transforms as follows: 
» S - -I I J <£fm) jjR+(A)jJ"(m) + JR"(£)jj+(m) 651
 ij to RT l R T R T 
+ 2J*Z(£)J^,z(m)} 
The expansion of the first term is: 
I J (£,m) JR+(£) Ji"(m) 
£m RT 
= 2 ^ - i ^ I I J DU,m) a * V t exp(-i[q.r^(r,-q'-rj(m)]) 
Am qq' RT 2 2 \ - K - - / 
= 2 V—S-i J
 ait bjf exp(-i(q^-q'.dj))l J 1 3 ^ expf-iq'-L^ 
N q q ' 2 2 \ ~ R ~ T ' L RT V " ' 
^expf-i(q-q') »M 
2 /
^ S J » , 3 > " s + b s + 
with 
J (q) - XJ (L) exp(-iq«(L + di - dj) 
DT ~ T OT \ — ' 
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The second order expansion of the last term 
2 I J U,m) J^Z(A) 42(n») is: 
£m RT 
qq' £m RT X" V - - / * * 
^exp(-i(q-q').rj(i))a^Vl) 
= 2 J I J1D(0) • f j n b j V + J,, a i faM in o p r " V R q q T q qj i j q RT 
i . e . 
K-->ll {m ( j > f f • J^-j. .J4) 
+
 C < 2 ) w« b i i b i + JT •?•£>} 
B.2. Transformation of H 
The Bose operator expansions of the Stevens operators have been 
tabulated by Danielsen and Lindgård (1972), and to second order 
the crystal field Hamiltonian of these rare earth-transition 
metal systems can be written as: (see Section B.4.) 
I [A* aj(l) a±(i) • B* (a*(£) a[ (£) • a± (I) a^))] 
for the rare earth sites and 
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I I [ 4 bj<ffl> bj(m)+BJ (b*(m) b t (m) + bj (m) b^m))] 
for the transition metal sites. 
These expressions can be transformed using: 
I a! (A) a. U) = I a1TaJ 
and 
J a?(*)a+U) = I I
 taJ+a^texp(-i(q+q').dj)jexp(-i(q+q'). 
qq - -
r it it 
= > a a L
 q -q 
q - -
hence for the rare earth sublattice 
w»-UKW('^-^} 
and for the transition metal sublattice 
HCF'T> - \ l H f b3 + BT( bg + b-9 + b3b-?)} 
B«3. The Hamiltonian to second order in the magnon variables 
From the results of the previous three paragraphs the total 
Hamiltonian can be written as: 
" 'I Ih i J - 0 > > lb3+b2 + fi1 - 2 V ? ' b3b3+) 
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i j 
j \ R 3 3 R q -3 9 -g J 
< l{4 »m + BT<b;!+b-q + bqb-q} } ] + H' 
where H' i s a q independent constant , 
i j i j / • \ 
J (q) - l J (L)exp(- iq(L+d^-dh) 
a B " L a g V _ a P / 
and L is a lattice vector. 
B.4. Relations between A , B and the crystal field parameters B1 
The crystal field Hamiltonian, which in the c-axis represent-
ation can be written as: 
is transformed to (Danielsen and Lindgård 1972) 
4 , - *2<-J°S " 5°2» 
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i «o /3^o . 5 .^2 . 35 4X + B 4 (g0 4 + 2 0 4 + a"0 4 ) 
+
 R o , _ _5 n o _ 105-2 _ 63.4 _ 231-6, +
 V I6°6 TT°6 TS°6 1T06) 
n 6 , l ^o 15 2 , . 3 4 1 6 , 
" V l 6 ° 6 " 32°6 + I 6 ° 6 " 32°6> 
when t h e q u a n t i z a t i o n a x i s i s a long t h e b - a x i s i n s t e a d of t h e 
c - a x i s (see F ig . 2 0 ) . 
Fio. 20. The notation used for 
the di f ferent axes in a real 
space c e l l of the ferrimagnetic 
R T compounds with an easy b-
a x i s . 
To second order the Bose operator expansion of H-_ is gi\en by 
Cr 
(Lindgård and Danielsen 1974) 
HCF \ Sx 
3 S2Do 3 0 S4no 105 S6„o 2 1 St 
B2 " - s7~ B 4 + - 5 T ± B 6 + - s 7 - B ; , a a ^ K < 
f -x c 1 5 SA « 3 1 5 Sfi n 15 S , , 
( - | / S T B ° + i B ° ^B° + ÉB* 
\ 2 2 2 /T2 4 2/T2 6 2/SJ 6 
)(aV +aa) 
where 
S„ * J ( J - 4) 
n 
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Table 10. The total angular mamantu» J and S » J(J-%) 
(J-"»-) for Ho. Fe.and Co. 'The a-factors of Fe and Co are 
assumed to be 2.00). 
Sl S2 S4 S« 
Ho 8 3 80 2730 -»0090 
Fe 1.05 1.05 ^.58 
Co 0.80 0.30 0.24 
from Table 10 it can be seen that for Ho 
H ,o A n,£lflf„6v t. ^F(Ho) - (22.5 Bj - 10238B~ + 1182431ii^  + 236486B°)aTa 
+ (- 11.62B" + 5287B^ - 610605B° + 87229B?) (afa I 4 6 6 
= AHo aTa + BHo(a"at+ aa) 
i.e. 
B? - 455 .0 B° + 52552 B^ = 0 .0185 A„ - 0 .0502 B„ 2 4 6 Ho He 
Bg = + 2 . 4 6 7 . 1 G " 6 A H o + 4 . 7 7 7 - 1 0 " 6 
For the crystal field of Fe and Co the only parameter is B 
(see Eq.(5)) 
HCF(Fe) = X'66 B 2 ( F e ) b'b -1-14 S2(Fe) (bV+bb) 
Ape bfb + B F (bV+ bb) 
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and 
H£F(CO) - 0.90 B2(Co) b+b - 0.73 B2(Co) (b+b++ bb) 
= ACo b+b + BCQ{b+b++ bb) 
i.e. 
B2(Fe) = 0.602 Ape and B^/A^ = -0.691 
(B.6) 
B2(Co) = 1.11 AC£) and BCo/ACo = -0.816 
B.5. Commutator relations between magnon operators 
The commutator relations between Bose operators can be written 
as: 
[V*,, •}<»>]« 6ij 6£m 
and similarly for b and b . The commutator relations for the 
magnon variables 
can be evaluated using 
and 
aq=Mex P(-iq.r£(i))a l (£) 
~'e -• 
i.e 
H' a2"] " * Lexp(i(?'-£R<ID>"5*£R<*))[ai^)'a5^)J 
= -il exp(i(q'-q).dj) | m 6^exo(i(q'-q).t) 
6. . 6 , ij q'q 
and the only non zero conunutator relations between spin-wave 
variables can be written as: 
. q 2 = i 
and 
b^ 
q • > ? ] -
APPENDIX C 
The spin-wave solution 
C.l. The equations of motion for the spin-wave variables 
The time dependence of the magnon variables is given by the 
factor exp(-iuit), and the equation of motion by 
d aS(t) 
«5(t)r H ] 
i.e. 
*•- < - [•;• - ] (Cl) 
where H is the Hamiltonian given in Section 3.3 and 
_n... n , . a (t) = a exp(-i t) 
The solution to Eq. (C.l) can be written as: 
- nj i n n3 
* "
 aa = aaU" JR J (2 } + I J R J {2> " 2 J T I J 10) + A 
2 3 L j " RR i K RR j ?T J 
? aq[-2JR O ? ' 3 " 
pr h^Ms»] 
+ ant BJ 
- q R ( C . l . a ) 
and equivalently: 
u r nJ in nJ „i 
» , an_n = - a^l JR J J (0) + j R J J (0) - 2J_ J J (0) + AJ j -q L R j RR RR 3 RT 
i+ r i n 
- I all -2J J (-q) 
i 5 I R RR " 
*
 b
-g [-2/VT V 3'1 
an Bn q BR (C.l.b) 
For the transition metal sites: 
r nj i n i n -J 
¥ u> b " = b " J I J (C) + J I \ (0) - 2J n (0) + A? 
5 U T i TT T i T T i RT T J 
I bi [-2JT J^(-q) 
i. 2 l TT J 
. . r m 
+ I air i 2 / V T J ( _ q ) i S l R T RT ~ 
+ bn+ E£ 
q T 
( C . l . c ) 
and 
C ^ ; f = - b f f J T l Jn : i (^+ JT l Jin<0>-2JR l J i n (2)+A; 2 2 L j TT i T T i R T 
ffKCH 
i r. i • 
i 3 L 
2 / V T " J <"S>] 
b n B " 
- q T 
( C . l . d ) 
If we assume that each site in the structure has inversion sym-
metry then 
ij ij 
J (q) = J <-q) 
06 " aB " 
and the eigenvalue equations above Eqs. (C.l.a-d) can be written ass 
f A B~] fx "^  
3 = 
J* -A]|_yg] ^ It) ;c.2) 
where 
x 
-q 
n 
a 
< " 
b l f 
q 
mt 
) and y 
' iq 
= 
> 1 + 
-q 
bro 
L -3 
nt 
i 
'- ) 
1 
>-q 
(C. 3) 
The precession of a spin-wave mode is given by u and a wave vt 
tor q via the two terms exp(i (q-r-wt)) and éxp(-i (q«r-u;t) ) = 
exp(i(-q»r-(-u)t)) i.e. a magnon mode can be calculated by 
solving (C.l) for both 
hlul; 
and 
-h! u ; 
but the two solutions are inter related because in the two cases 
Eq.(C.l) can be written as 
Q I": _ 
(h - K|"i§) x q + g y q - O 
B x + (A + X UJ !E) y = O 
= - q = - -La 
and 
(A + KiuJiE) x_ + B y _ „ = C 
_ _ ^ _ _ ^ 
| x_q + (h - K|w|g) y_q = o 
where E is the unit matrix. 
i.e. 
x = y 
y = x 
iq —
 q 
(C.4) 
(strictly speakinc x = K»y „ and y = K«x where K is a con-
-q i-q iq — q 
stant) using Eq.(C2), Eq.(C4) can be written as 
it i 
a = a 
q q 
b* + = b* 
andEq.(B.5, p. 66) takes the following form: 
( C M 
q 
jj+(5't> = /-JT I [b-q exP<i<5'£T(5)"U,t)) 
+ b^ exp(-i(q.rj(m)-wt))] 
jj~(m,t) - /-£• I [bj+ exp(i(q.rj(n5)-u>t)) 
q -
+ b^q exp(-i(q.rj(m)-u.t))] 
i.e. 
1* / " T i 
J* (S.t) = J-— (b^q • bq ) cos(g.r^{m)-.-.i 
JJ (?.t) - y-jp (b^q - b^) sintq-r^mj-ut; 
where the a and c directions are given in Fig. 20 and w have 
used the identities 
J* = Ja • i Jc and J~ = Ja - i Jc 
In a s imi lar way Eq.(B.4 . p. 66) can be rewrit ten as 
a [23 . . . 
JR ( l , t ) = J-£ (a*^ • a*) c o s ( q - r £ ( * ) - - * ) 
i c / " R i t i i 
Jl <*•'> = /-FT (a-q " V «inlq.iR(£)-.t) 
C.2. Spin-wave dispersion 
The magnon energies K|w| for the low lying modes can be calcu-
lated from Eq.(C.l) using the app-oximations described in Sec-
tion 3.5: 
t>t> *>¥' AR' BR' I J {<*> « " independent af i 
q q R R j RT " 
arJ Jrø = 0. 
Eqs.(C.l.a-d) can now be written as: 
* «$ " (' T* !«*<«> * S ) ^  
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~
2
^ f JRT<S> bq 
+ BD a n + ( C . 6 . a ) 
R - q 
*> < " " (" TC JRT'2» + AR) a -nt q 
/ J « J -
+ 2
 " " I f JRT(S) b-c 
" BR \ <c-6-b> 
and 
** % • (-5^ (JTT<2)-JTT(3))- "S* J R T ( 2 ) ^ ) b-g 
/ T r J . 
'R"T "* " i -
2
 S o : JRT(-2> ? a-q 
+ BT b* (C .6 . c ) 
and 
*"
 bq = - ("Bf (jTT^)-JTT(q)) - - s* J„(Q)+*t) bj 
/ J A , .. i 
- BT b_ q (C.6.d) 
i j 
where J (q) = I J (q) 
a3 " i j ag " 
For the R2T17 c o m P o u n d s J g (q) = J e(~q) and the e igen-va lue 
equation can be w r i t t e n as (C.2) 
- Hi -
where x 
- q 
-
q 
*
2 
q 
q 
4 
q 
. t 
) and 
* q 
= 
a 1 + 
-q 
2t 
a 
-q 
3t 
a
"3 
4t 
a 
-q 
b 
v_ -q 
k = { ° 
0 
C ( q ) ' 
C ( q ) 
C ( q ) ) 
c(q) 
L - C ( q ) / N T - C ( q ) / N T - C ( q ) / N ( r - c f c ) ^ b (q) 
B =-
dR 
0 
0 
0 
0 
0 
dR 
0 
0 
0 
0 
0 
d R 
0 
0 
0 
0 
0 
d R 
0 
yj 
0 
0 
0 
d, T J 
where 
a = 
2 J T , 
A R - - N ; JRT(2> 
b(2> = 4% (jTT<3> " JTT<2>) + ^ V2) - \ 
- S 4 
C(q) =-2^-!UL j R T ( g ) 
K 
d R = B R 
dT = "BT 
N = the number of rare earth atoms in the unit cell 
N = the number of transition metal atoms in the unit cell 
j n , Jm are the total angular momenta of the rare earth ions 
and the pseudo-spin of the transition metal ions. 
Usinc simple matrix operations the eigen-value problem in Eq. 
(C.2) can be reduced to solving Eq.(C.7) 
det { 
'a-A d ^ 0 0 0 0 
-d -a-A| 0 0 0 0 
0 0fa-> d ^ 0 0 
0 0 I -d -a-AJ 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 
0 
0 
0 
0 
0 
0 fa-A d_ 
0 I -d„ -a-A 
R 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 
0 
0 
0 
0 
0 
a-A 
0 
0 
0 
0 
4c (q) 
C(q).„ b(q)-A 
7N, 
R 
0 
0 
0 
dR 
0 
a+A 
0 
0 
0 
0 
0 
dT 
<o(q) 
)= 0 (C.7) 
c^ , "C(q)/N b(q)+A 
T " _ 
- 3b -
For A = hu 
The solution tc Eq.(C.7) is the triply degenerate q independent 
(nondispersive) solution: 
,. .2 2 ,2 (hui) = a - dR 
and the two q dependent (dispersive) solutions: 
(ho))2 = (a2 - d2 + b(q) - d2)/2 - c(q) • NJ/NT 
i / (a2-d2-b1q)+d2)2/4 - NRc1q) <(a+b(q))2 - ( d ^ ) 2 ) / ^ 
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